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ABSTRACT 
The general aim of this PhD project is to investigate the self-healing of aerospace carbon-
epoxy composites using thermoplastic agents. The healing mechanisms and healing 
efficiency of four thermoplastics are investigated: ethylene vinyl acetate (EVA), poly 
(ethylene-co-glycidyl) methacrylate (PEGMA), acrylonitrile butadiene styrene (ABS), and 
poly[ethylene-co-(methacrylic acid)] (EMAA), which was studied the most extensively. The 
project explores key parameters on the healing process, including the type, volume content 
and shape of the thermoplastic agent, repeatability of the healing process, and healing 
method (convection heating, ultrasonic welding). The PhD also investigates the influence of 
thermoplastic agents on the in-plane properties of carbon-epoxy composites.  
 
The PhD thesis presents a comprehensive review of published research into self-healing 
polymers and fibre-polymer composites. Recent advances in autonomous (microcapsules 
and microvascular networks) and non-autonomous (thermally reversible cross-links and 
thermoplastic additives) self-healing methods are reviewed. Based on the review, gaps and 
deficiencies in the understanding of thermoplastics as healing agents are identified, and this 
forms the basis for the research performed in the PhD project.   
 
The first research study presented in the PhD thesis explores the healing of delamination 
cracks in carbon fibre-epoxy composites using EMAA. EMAA was capable of repairing 
delamination damage and recovering the mode I interlaminar fracture toughness and fatigue 
resistance. High recovery (~300%) to the mode I interlaminar fracture toughness was 
achieved after healing via the formation of a large-scale crack bridging zone consisting of 
highly ductile EMAA ligaments, which is a delamination toughening mechanism unique to 
thermoplastic healing agents. The carbon-epoxy composites retained high healing efficiency 
following multiple repair operations due to the ability of EMAA to reform the crack 
bridging zone. EMAA was also capable of recovering the mode I fatigue resistance (defined 
by Paris curves) of the composites following healing. Multiple healing of delamination 
fatigue cracks was achieved using EMAA, with the fatigue properties remaining unchanged 
following each healing operation. A preliminary study on the healing of impact damage and 
recovering the compression strength of the composite was also conducted.  
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The PhD thesis presents a comparative experimental study into the healing efficiency of 
EMAA in delaminated carbon-epoxy composites when the repair process is thermally 
activated by conventional oven heating or by heating induced with ultrasonic waves. It was 
discovered that bursts of short-duration, high frequency ultrasonic pulses were capable to 
thermally activating the healing process, and the healing efficiency (defined as the recovery 
to the mode I fracture toughness) was up to 130% and maintained high healing efficiencies 
for multiple healing operations. 
 
In addition to EMAA, the PhD project investigates the healing properties of other 
thermoplastics; namely PEGMA, EVA and ABS. The thermoplastics, except ABS, were 
capable of partially or completely restoring the delamination toughness and fatigue 
resistance of the composite. Healing with EMAA and PEGMA involved a pressure delivery 
mechanism while, healing with EVA was controlled by its viscosity and adhesion properties.  
 
Through-the-thickness stitching with EMAA filaments on the delamination toughness and 
self-healing properties of carbon–epoxy composites was investigated. The delamination 
toughness and fatigue resistance of the composites increased with the volume content of 
EMAA stitches, and this was due to higher traction (crack closure) loads exerted by the 
stitches bridging the delamination. During the healing process these bridging stitches melt 
and then flow into the delamination via the pressure delivery mechanism, and this resulted in 
full restoration of the toughness and fatigue properties for multiple healing operations. 
 
The PhD project researched the effect of adding thermoplastic as particles, fibres or stitches 
on the in-plane tensile and compressive properties of carbon-epoxy composites. The elastic 
modulus and failure strength decreased with increasing volume content of healing agent. A 
finite element model was developed to analyse the softening and failure of the mendable 
composites. Numerical predictions of the elastic and strength properties calculated using the 
FE model show good agreement with the experimental data. This research reveals that using 
thermoplastics as a healing agent comes at the expense of lowering the in-plane mechanical 
properties of carbon-epoxy composites. Therefore, this healing technique for aerospace 
composites creates a dilemma – increasing the volume content of thermoplastic to improve 
the healing efficiency is compromised by a reduction to the mechanical performance.
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CHAPTER 1:               
INTRODUCTION 
 
1.1 BACKGROUND 
The goal of the aerospace industry is to satisfy customer requirements by enhancing aircraft 
performance and minimising acquisition and operating costs. Achieving this goal is reliant 
in part on the development of ‘superior’ structural materials. Over the past 70 years, 
aluminium has been the dominant aerospace structural material. Polymer matrix composites, 
on the other hand, were not used in large amounts until the1990s. Figure 1-1 show the rapid 
increase in the weight percentage of composite materials (mostly carbon fibre/epoxy) used 
in both civil and military aircraft since 1960.  
 
Figure 1-1 Weight percent of composite materials used in civilian and military aircraft [1]. 
 
The use of composites in aerospace applications has increased greatly in the past decade. For 
example, in the civil aviation sector, about 25% of the structural mass of the Airbus A380 is 
composite material and both the Boeing 787 Dreamliner and Airbus 350-XWB use about 
50% of composite. In the military sector, about 35% of the structural weight of the Airbus 
A-400M is composite material. As other examples, composites account for about 25% and 
35% of the Lockheed Martin F-22 Raptor and F-35 Lighting II, respectively. 
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The large increase in the use of composites in aerospace applications is because they provide 
important benefits over aluminium alloys, including lighter weight which results in more 
fuel efficient and environmental friendly aircraft (less NOx and greenhouse gas emissions 
from fuel burn) thus increasing aircraft range, payload or manoeuvrability; form into more 
complex shapes/design; offer the capability to be stacked/designed in such a way that the 
properties of the composite is tailored to best withstand loads; fewer number of components, 
fasteners and joints; higher specific strength, specific stiffness and fatigue resistance; 
excellent chemical and corrosion resistance; and good acoustic insulation and vibration 
damping properties. 
 
Despite the advantages that composites can offer, these materials also have some serious 
drawbacks. Composites have low interlaminar fracture toughness and impact resistance due 
to the low ductility and strength of the thermoset polymer matrix. This makes composites 
susceptible to matrix and delamination cracking that can occur from through-thickness 
applied loads, edge stresses, environmental degradation (from excessive moisture 
absorption), and Foreign Object Debris or so-called “FOD” (e.g. impacts from bird strike, 
hail stone, tool drop or runway debris). This damage can affect both fibre and matrix 
dominated properties of composites. Also, compared with titanium alloys, composites have 
a low operating temperature and this limits their use elevated temperature applications 
(typically below ~100-150oC).  
 
In conventional repair methods, composite components are inspected manually to detect 
damage and evaluate its severity. Non-destructive testing (NDT) techniques such as 
ultrasonics, infrared thermography and X-ray radiography are used in damage detection and 
evaluation [2]. After the damage in the composite is detected, the component is repaired or 
replaced, depending on the severity of damage. Traditional repair methods include patch 
repair (e.g. bolted repairs, bonded external patch, bonded flush patch) and non-patch repair 
(e.g. resin injection, potting or filling, and surface coating) [3]. Patch repair is used for 
repairing major (structural) damage [3]. An example of this repair method is adhesively 
bonded scarf patches (bonded flush repair), in which the damage material is carefully 
removed using a high-speed grinder or hand-held router (Figure 1-2) and then new 
composite plies are used to fill the removed material [2].  
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Figure 1-2 Scarf cavity formation using a hand-held router prior to patch repair [4]. 
 
Non-patch repairs are used for repairing minor damage such as connected voids and 
localised delaminations [3]. One example of this repair method is resin injection repair 
(Figure 1-3), which basically involves injecting resin via an access hole into the damage 
area. This method, unlike bonded scarf patches, eliminates the removal of undamaged plies 
and hence can result in a higher recovery in strength [2, 4]. Problems with conventional 
repair methods include that they are time-consuming, complex, and expensive due to the 
requirement for manual intervention of a trained technician [2, 5]. Furthermore, these 
techniques are mainly applicable for external repairs or accessible damage [2, 5]. 
 
 
Figure 1-3 Resin injection of delamination damage in the composite skin of a honeycomb panel [3]. 
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Current damage tolerant design of aircraft composite structures incorporates a large safety 
margin to account for the reduction in structural performance due to delamination and 
matrix cracking. A notable example is the so-called ‘no growth’ design regulation applied to 
primary composite structures for civil and (many) military aircraft [6]. This regulation 
mandates that delamination cracks must not grow under fatigue loading over a specific 
period of in-service use [6]. This can lead to overweight composite structures; thereby 
increasing both manufacturing and operating cost. 
 
Both the civil and military aerospace are exploring new strategies to avoid the problems 
with conventional repair methods. One promising new technology to repair matrix cracks 
and delaminations is self-healing (or mendable) polymers. Self-healing polymers offer an 
inherent capability to heal damage and partially or fully restore the mechanical properties of 
damaged composites [7]. The self-healing concept offers to restore mechanical properties to 
damaged material, which ultimately makes structural components safer, more reliable, and 
prolongs the operating life [7]. Healing using mendable polymers can refer to the recovery 
of properties such as fracture toughness, tensile strength, surface smoothness, barrier 
properties, or (even) molecular weight [5].  
 
Self-healing technology can be divided into two categories: autonomous or non-autonomous 
self-healing systems [8]. Autonomous self-healing generally involves embedded brittle 
vessels, such as microcapsules or hollow fibres, which contain the liquid phase organic 
healing agent and/or catalyst or hardener. The healing mechanism initiates when a crack 
causes the vessel to rupture which bleeds out the liquid healing agent into the crack via 
capillary action [5, 9-11]. Once the resin is in contact with the catalyst, polymerization 
occurs causing the healing agent to cure within the crack [5, 9-11]. The mechanical 
properties of the material can be restored provided sufficient liquid resin is available to fill 
the crack [5, 9-11]. One of the benefits of autonomous self-healing is that it does not require 
any external intervention to initiate the healing mechanism, however this system requires 
healing agent containers and cannot easily perform repeated self-healing [9-11].     
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Non-autonomous self-healing can occur in several ways including reversible Diels–Alder 
cross-links, thermoplastic-thermoset solid solutions, or insoluble thermoplastic additives. 
These healing systems, unlike autonomous self-healing, require an external stimulus (such 
as heat and/or pressure) to activate the healing mechanism. The healing mechanism of 
thermally reversible cross-links (e.g. Diels-Alder cross-links) occurs via thermo-reversible 
covalent bonds [5, 9]. During heating the cross-linked bonds disconnect and then reconnect 
upon cooling. In terms of thermoplastic additives (e.g. thermoplastic-thermoset solid 
solutions and immiscible thermoplastic additives), the healing mechanism works by healing 
the mendable polymer above the melting temperature of the healing agent (but below the 
degradation temperature of both healing agent and polymer substrate), then the viscous 
healing agent will flow into the crack [5, 9]. Once the healing agent solidifies upon cooling 
and sufficient amount of healing agent is available to fill the crack, the material is healed 
and the mechanical properties are restored. The advantages of this approach over 
autonomous self-healing include that the healing agent is dormant until required (infinite 
shelf-life), does not required additional ingredients (such as catalyst, monomer or special 
treatment of the fracture interface), does not required healing agent containers, and can 
undergo multiple healing operations as there is no depletion of healing agent [5, 9, 11]. The 
main disadvantages for non-autonomous self-healing is that external intervention is required 
to activate the healing process. 
 
1.2 AIMS AND SCOPE OF PhD PROJECT 
The general aim of this PhD project is to investigate the healing performance, healing 
mechanisms, and mechanical properties of mendable carbon-epoxy composites for possible 
use in damage tolerant aircraft structures. Four types of thermoplastic healing systems are 
investigated: poly[ethylene-co-(methacrylic acid)] (EMAA),  ethylene vinyl acetate (EVA), 
poly (ethylene-co-glycidyl) methacrylate (PEGMA), and acrylonitrile butadiene styrene 
(ABS). 
 
The project aims to experimentally and numerically investigate the effect of using these 
thermoplastic additives on the mechanical properties and healing efficiencies of composites. 
This includes mode I interlaminar fracture toughness, delamination fatigue resistance, and 
in-plane mechanical properties. These studies also focused on determining the healing 
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mechanisms, toughening mechanisms and failure modes of the mendable composites. In 
order to achieve these aims, the project involves varying healing agent forms, healing agent 
contents, number of healing operations, and healing methods.  
 
1.3 THESIS OUTLINE 
The next chapter presents a comprehensive and critical review of published research into 
self-healing of polymers and polymer composites. This includes autonomous self-healing 
using microcapsules, hollow glass fibres and microvascular networks. Non-autonomous self-
healing methods are also reviewed, including the thermally reversible cross-linked and 
thermoplastic additives approaches. Studies into the healing mechanisms and healing 
efficiencies of each approach are reviewed, although with most attention given to 
thermoplastic additives. The literature review also identifies knowledge gaps in this research 
field that forms the basis for the research studies performed as part of this PhD project. 
 
Each research chapter in this PhD thesis presents an abstract, introduction, description of the 
research methods, results and discussion, and main conclusions. In addition, details of 
journal and conference papers arising from the research work are given. 
 
A research study into the self-healing repair of delamination damage in mendable carbon 
fibre-epoxy composites under static or fatigue interlaminar loading is presented in Chapter 
3. The effect of different types (fibres or particles) and concentrations of the mendable 
EMAA agent on the self-healing efficiency is experimentally determined for single and 
multiple healing operations. The healing mechanisms and toughening mechanisms of the 
mendable composites are investigated via fractographic analysis. The flow rate of the 
EMAA is also investigated experimentally. In addition, this chapter uses cohesive model of 
crack bridging to predict the R-curve of the mendable composites. An experimental study on 
the ability of EMAA to heal damage and restore the compressive properties of impacted 
composites is also investigated. 
 
Chapter four presents an investigation into the use of ultrasonic welding to activate EMAA 
healing in carbon-epoxy composite. Mode I interlaminar fracture toughness tests were 
conducted on composites containing two concentration levels of interlaced EMAA fibres to 
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quantify the healing efficiency using ultrasonic welding. Furthermore, multiple repairs (five 
healing cycles) of delamination were conducted using ultrasonic welding. Fractographic 
analysis is used to analyze the healing mechanisms and toughening mechanisms of the 
mendable composites healed via the welding process, and compared against conventional 
oven heating.  
 
The healing efficiency and healing mechanisms of several thermoplastics agents for epoxy 
resin and carbon fibre–epoxy composites is investigated in Chapter five. The healing 
performance of two reactive thermoplastic additives (EMAA and PEGMA) and two non-
reactive thermoplastics (EVA and ABS) for unreinforced epoxy material and carbon fibre-
epoxy composites is determined. 
 
Chapter six investigates the in-plane mechanical properties of carbon fibre-epoxy composite 
with insoluble thermoplastic particles. The effect of the healing agent type (EMAA, 
PEGMA, EVA or ABS particles) and healing agent content (5%wt, 10%wt or 15%wt) on 
the in-plane mechanical properties in tension or compression of the composite is determined 
experimentally and numerically. The capacity of the thermoplastic agents to heal 
delamination cracks and recover the tensile or compressive properties is determined 
experimentally. The effect of in-plane properties healing efficiency of the mendable 
composite when varying the EMAA content or healing cycles were quantified via 
experimental testing. Finite element modelling for predicting the in-plane mechanical 
properties of the mendable composites with each healing agent type and content is also 
conducted. 
 
Chapter seven presents an investigation into the delamination toughening and self-healing 
properties of carbon–epoxy composites using through-thickness stitches of mendable 
EMAA. The effect of increasing stitch density on the improvement to the interlaminar 
fracture toughness and healing of mode I delamination cracks generated under static or 
fatigue interlaminar loads is determined experimentally. Also, the ability of the mendable 
stitched composites to undergo multiple healing operations is determined. The self-healing 
and delamination toughening mechanisms of the mendable stitched composites under 
interlaminar static or cyclic loading is identified via fractographic analysis and transverse 
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tension tests (i.e. static, stress relaxation, and fatigue tests). Additionally, the 
characterisation of the flow of EMAA from stitches into cracks is determined.  
 
Chapter eight presents an investigation into the effect of thermoplastic stitching on the in-
plane tensile and compressive properties of mendable carbon fibre-epoxy composites. 
Experimental and finite element analysis shows that stitching reduces the elastic modulus 
and strength properties. This is due to a reduction in the volume content of carbon fibres and 
the creation of microstructure defects caused by the stitches. The in-plane properties 
decrease progressively with increasing areal density of thermoplastic stitches. FE modelling 
of the stitched composites provide accurate predictions of the stiffness properties and a 
reasonable prediction of the strength properties. 
 
The final chapter summarises the main conclusions obtained from the research work 
performed in this PhD project. The chapter also outlines a number of topics that are essential 
for further investigation into self-healing composites using mendable thermoplastic additives 
to advance the knowledge to the level required by the aerospace industry to use this self-
healing technology with full confident. 
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CHAPTER 2:  
LITERATURE REVIEW: OVERVIEW OF SELF-HEALING AND 
MENDABLE POLYMER COMPOSITES 
 
Abstract 
This chapter presents an overview of published research into self-healing polymers and 
polymer composites using autonomous or non-autonomous self-healing systems. The 
literature review assesses the current state-of-the-art for each self-healing system. For 
autonomous systems this includes microcapsules, hollow glass fibres and micro-vascular 
networks. Non-autonomous systems include thermal reversible cross-links and thermoplastic 
additives. This chapter presents an overview of the self-healing mechanisms and healing 
efficiencies of each system. The Chapter also reviews the effect of varying the healing agent 
form, size, and content on the healing efficiency of each approach.  
 
Most of this chapter is devoted to reviewing research work performed on non-autonomous 
self-healing systems using thermoplastic additives such as poly[ethylene-co-(methacrylic 
acid)] (EMAA),  ethylene vinyl acetate (EVA), poly (ethylene-co-glycidyl) methacrylate 
(PEGMA), or acrylonitrile butadiene styrene (ABS). An important outcome of this literature 
review is the identification of research gaps that have not been covered or not fully 
understand in thermoplastic healing systems. This is used as a basis for defining the research 
work performed in this PhD project. 
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2.1 AUTONOMOUS SELF-HEALING: MICROCAPSULE  APPROACH 
Microencapsulation is one of the earliest self-healing methods for polymers. This method  
involves the incorporation of a microencapsulated organic healing agent and a dispersed 
capsulated or non-capsulated catalyst within a polymer matrix [2, 12]. Upon cracking of the 
polymer, the microcapsules rupture allowing the stored liquid resin to flow into the crack via 
capillary action  as shown schematically in Figure 2-1 [5, 9-11]. When the liquid resin 
comes into contact with solid catalyst particles dispersed throughout the matrix phase, 
polymerization occurs causing the healing agent to cure within the crack. Provided enough 
liquid resin is available to fill the crack, the mechanical strength of the damaged polymer 
may be restored [5, 9-11]. 
 
 
Figure 2-1 Autonomous self-healing approach using microencapsulated healing agent and catalyst 
particles in a polymer matrix; (a) damage event causes crack formation in the matrix; (b) 
microcapsules ruptured by the crack thereby releasing liquid healing resin; (c) liquid resin contact 
with catalyst causing polymerization and thereby healing the crack [13]. 
 
Most microencapsulation studies have focused on the healing of epoxy, although other 
polymers such as polyester [5] and vinyl ester [5] have received some attention.  Epoxy is 
used as a matrix to aerospace composites for main two reasons; firstly, epoxies have good 
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mechanical, thermal and chemical properties, and secondly, epoxies can be synthesized at 
relatively low curing temperature and have low viscosity. It is this combination of low 
temperature cure and viscosity that ease the process of  incorporating discrete and relatively 
weak microcapsules into the resin and also aids dispersion without premature capsule failure 
[11].   
 
Application of a self-healing polymer matrix has also been investigated for woven fabric 
composite materials by taking the advantage of the resin-rich regions between the 
interlacing warp and weft yarns. The presence of microcapsules with diameters typically 
between ~50 and 100 µm does not disrupt the inherent waviness of the fibre tows because 
the interstitial areas (resin-rich regions) serve as natural sites for microcapsule storage. The 
number and size of microcapsules that can be stored in these regions without significantly 
altering the composite microstructure and mechanical properties depends on the architecture 
of the woven fabric and the fibre volume fraction. It is also noted that self-healing of 
composite materials is inherently more complex than self-healing of neat resin because the 
presence of the fibre reinforcement increases the number of possible failure modes and the 
complexity of the healing process.  Also, because of the architecture of the woven fabric 
itself, it imposes a more tortuous crack path than occurs with the neat resin [5]. An increase 
in microcapsule and/or catalyst content increases the resin viscosity which reduces the 
processability of composite materials [5, 14]. Great care regarding the manufacturing 
process of self-healing composites must be used to minimize microcapsule rupture during 
the mixing or mould filling stages [5]. 
 
In microencapsulated self-healing materials, there are a number of critical factors that must 
be considered in order to achieve a high healing efficiency with minimum reduction to the 
mechanical properties of the host material. These factors include the intrinsic properties of 
the healing agent, the rate and degree of polymerization of the healing agent, the  
microcapsule properties such as shell wall thickness [15],  adhesive bond strength between 
capsules and matrix substrate [16], and the size and concentration of capsules [5, 10, 17-19]. 
The self-healing agent should be easily encapsulated and remain stable and reactive over the 
service life of the polymer under various environmental conditions. Also, once triggered, the 
healing agent must respond to repair damage at an adequate rate  [5]. To illustrate this, if the 
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healing agent cures too slowly, the self-healing material will need to undergo ‘rest periods’ 
in order to permit maximum recovery of mechanical strength between damage events. 
However, if the healing agent cures too quickly or dissolution of the catalyst is too slow, 
there will be incomplete repair of the crack; hence, healing will occur in isolated locations 
around the catalyst particles and this will reduce the healing efficiency [9]. 
 
The most studied system for healing using the microencapsulation approach is 
dicyclopentadiene (DCPD) as the liquid healing agent and Grubbs’ (ruthenium based) 
catalyst. DCPD polymerizes with Grubbs’ catalyst upon contact via a ring opening 
metathesis polymerization (ROMP) reaction [5, 9]. Healing is triggered when a crack 
ruptures the brittle thin-walled urea-formaldehyde (UF) microcapsules, causing liquid 
DCPD to be released into the crack via capillary action [5, 9, 11]. Once DCPD comes into 
contact with Grubbs' catalyst embedded within the host polymer, the ROMP reaction is 
triggered. If there is sufficient healing agent to completely fill crack then the mechanical 
properties will partially or completely recover (Figure 2-1 and 2-2) [5, 9, 11]. 
 
 
(a)                                        (b) 
Figure 2-2 (a) Fracture plane of self-healing epoxy containing ruptured urea-formaldehyde 
microcapsule. (b) Fracture plane of a self-healing epoxy and the polymerized healing agent coating 
the original fracture plane. A broken (emptied) microcapsule appears in the background [13]. 
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Self-healing has been demonstrated Wool et al [20] on a neat epoxy resin containing 
microencapsulated DCPD monomer and Grubbs catalyst. The self-healing efficiency was 
determined using the tapered double cantilever beam (TDCB) test,  and was defined as the 
ability of a healed material to recover mode I fracture toughness [20]. A 75% recovery of the 
original fracture load was achieved after self-healing [20]. 
 
Brown et al. [14] investigated the influence of healing time on the recovery to the fracture 
toughness of a self-healing epoxy material. No measurable recovery to the fracture 
toughness occurred when the healing time was below 25 mins, which corresponded with the 
gelation time of the poly(DCPD) at room temperature [21]. When the healing time was 
longer than 10 hrs, the recovery of fracture toughness reached a steady-state value; in other 
words, the self-healing epoxy reached its maximum or optimized healed condition (which 
was 90% recovery of the original toughness) [21]. The dependency of healing efficiency on 
healing time has also been investigated for thermoplastic materials [20, 22]. 
 
Brown et al. [19] also investigated the effects of microcapsule size and volume content on 
the self-healing efficiency of neat epoxy. The average diameter of DCPD microcapsules was 
50, 180 or 460µm, and the capsules content was between 5 and 25 vol%. It was found that 
the maximum self-healing efficiency for the 180 µm DCPD microcapsules occurred at the 
lowest concentration (5 vol%). On the other hand, the highest self-healing efficiency for the 
50 µm capsules occurred at a high concentration (20 vol%), and this is because more 
capsules were required to deliver the same volume of healing agent to the crack. In both 
cases, over 70% recovery to the fracture toughness was achieved through a judicious choice 
of DCPD microcapsule size and concentration [5]. 
 
Rule et al. [23] investigated the self-healing efficiency of epoxy containing DCPD 
microcapsules and Grubbs’ catalyst coated with paraffin wax. The wax was used as a 
protective layer to solve the stability, reactivity, and agglomeration problems experienced 
with using Grubbs’ catalyst in composite materials [23, 24]. A maximum self-healing 
efficiency of 93% was achieved [23]. 
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An investigation into the healing efficiency of fibre-reinforced polymer composite using  
DCPD microcapsules and Grubbs’ catalyst was performed by Kessler et al. [2, 25]. The self-
healing efficiency was evaluated via the double cantilever beam (DCB) test [2, 25]. Woven 
E-glass fabric/epoxy composite was used, and it achieved a self-healing efficiency of only 
20% [25]. This study revealed that several factors influence the healing efficiency of 
composites [25]. To achieve complete repair, the healing agent must bond strongly to both 
the glass reinforcement and epoxy matrix. Kessler et al. [25] proposed that treating the fibre 
surface with a sizing agent compatible with the healing agent showed improve the healing 
efficiency. Further research was performed into self-healing of delamination cracks in 
carbon fibres-epoxy composites containing  DCPD microcapsules and Grubbs’ catalyst at 
the  ply interface [2, 26]. The healing efficiency was only 45%, which was attributed in part 
to poor dispersion of the catalyst [2, 26]. 
 
Fatigue is a loading condition that polymer matrix composites often encounter during 
operational use. Brown et al. [27] investigated the healing of fatigue damage in neat epoxy 
containing DCPD microcapsules and Grubbs’ catalyst. They found significant crack arrest 
and/or retardation with healing; hence, high fatigue life-extension was obtained when the in-
situ healing rate was faster than the fatigue crack growth rate. For a high cyclic loading 
condition, the total fatigue life-extension due to self-healing was between 89% and 213% 
[27]. Crack arrest and/or retardation were achieved by artificial crack closure induced by the 
polymerisation of healing agent at the crack tip. Crack closure continued to retard crack 
growth long after the crack started to propagate through the healed region. In the case of 
rapid fatigue crack growth, rest periods and forcing the crack to be held open were required 
in order to achieve a prolonged fatigue life;  otherwise, the fatigue life extension was nearly 
zero [27]. Under low cycle fatigue conditions with rest periods and the crack held open, the 
fatigue life-extension ranged from 73% to 118% [27]. Hence, during cyclic loading, the self-
healing performance depended upon the competition between crack propagation rate and 
polymerization kinetics of the healing agent [28]. A fatigue crack with slow propagation rate 
can be completely arrested; on the other hand, a fast crack propagation rate requires rest 
periods in order to achieve significant life extension [27, 29].  
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2.2 AUTONOMOUS SELF-HEALING: HOLLOW GLASS FIBRES AND 
MICROVASCULAR NETWORK  APPROACHES 
A limitation of microencapsulation is the transport of healing agent over a long distance in  
the crack and to provide large volumes of healing agent to the crack [11]. These problems 
are solved using a self-healing method that involve long, thin hollow fibres to store and 
transport the liquid healing agent. However, both microencapsulation and hollow fibre self-
healing methods have the same limitation; which is that both approaches cannot easily 
perform repeated self-healing [9-11].  To overcome this problem, a three-dimensional 
microvascular network self-healing system was created by Toohey et al. [30] which is 
capable of autonomously repairing damage repeatedly. 
 
The healing agents contained within a microvascular network can be a one-part adhesive 
(such as cyanoacrylate) or two-part system comprising resin and hardener (Figure 2-3) [31]. 
Healing occurs when the reactive liquid agent is released from the microvasculates when 
ruptured by a crack [5].  Healing agent flows into the crack via capillary action, where it 
cures in-situ when in contact with catalyst released from another vasculate or in the polymer 
matrix of the host material (Figure 2-4) [32].  
 
 
Figure 2-3 Schematic diagram of self-healing hollow fibre material [31]. 
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Figure 2-4 Autonomic healing using hollow fibres filled with healing agent [32]. 
 
The hollow fibre self-healing approach was initially studied by Dry [33] and Li et al. [34] 
during the mid-1990s. It was demonstrated this method can release liquid chemicals, such as 
cyanoacrylate [33, 35], ethyl cyanoacrylate [34] or methyl methacrylate [36, 37] as healing 
agents for repairing cracks, preventing corrosion, acting as sensors, and altering the 
permeability of materials like concrete and cement [35, 38, 39].  This approach was 
subsequently applied to polymer matrix composites by Motuku et al. [40] in the late 1990s.  
Hollow glass fibres were intermingled with carbon fibre during the manufacturing process 
resulting in a self-healing composite [11]. By utilizing hollow glass fibres, it was possible to 
not only introduce a reservoir suitable for the containment of healing agent but also to gain 
structural property improvements [41, 42].  
 
To achieve a high self-healing efficiency, a number of factors are important including  the 
reaction kinetics of the healing agent, hollow fibre properties (strength, fracture toughness), 
microvasculate dimensions (diameter, wall thickness, fibre hollowness, and fibre spacing), 
and the adhesion strength between the hollow fibres and polymer matrix [9].  
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One-part cyanoacrylate self-healing resin for use in a microvasculate system was studied by 
Bleay et al. [31]. The composite contained hollow glass fibres to act as structural 
reinforcement as well as storage of the cyanoacrylate resin. It was found that this healing 
agent restored the mechanical strength to a damaged composite. However, the healing agent 
caused problems by curing upon contact with the mouth of the fibre, and this prevented it 
from flowing over a large damage area. Even with vacuum-assisted capillary action, the 
healing agent failed to completely infiltrate the damage.  Hence, healing using one-part 
cyanoacrylate was not successful because its curing rate was faster than its diffusion rate 
resulting in the ends of the hollow fibres being blocked [5]. Despite these drawbacks, a 
number of research groups [31, 36, 41, 43-45] have utilized liquid X-ray opaque dyes in 
their cyanoacrylate self-healing composites for damage detection when using X-ray 
spectroscopy. This provides a visible indication on damage sites within a composite and 
allows the flow tracking of healing agent along cracks (Figure 2-5) [9]. 
 
Figure 2-5 Impact damaged of glass fibre reinforced composite  containing dye to visualize healing 
agent flow [41]. 
 
Pang and Bond [44] developed a novel fibre reinforced composite containing hollow fibres 
filled with a two-part epoxy and a fluorescent fluid to achieve self-healing and visualization 
of damage. The fluorescent fluid enabled the monitoring of bleeding using spectroscopic 
methods (Figure 2-6) [8]. The composite showed up to 97% recovery in flexural strength 
after healing.  
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Figure 2-6 Damaged hollow fibre composite material showing the release of fluorescent dye mixed 
with healing epoxy resin [44]. 
 
An investigation of the hollow glass fibre approach was conducted by Trask and Bond [46] 
performing flexural testing after impact loading of a E-glass/epoxy composite containing 
hollow fibres filled with two-part epoxy resin. There was a 16% reduction in the initial 
flexural strength because of the weakening effect of the hollow fibres. The healing agent 
was able to repair matrix cracks and delaminations, and the healing efficiency was 87% 
compared to the undamaged unmodified composite [46]. 
 
Self-healing of sandwich composites using a microvascular network was investigated by 
Williams et al. [47]. The composite was fabricated with microchannels that contain the 
healing agent, which had a negligible effect on the in-plane mechanical properties. Two sets 
of orthogonal (horizontal and vertical) microchannels were incorporated into the core 
material [47]. After the samples had been impacted, the microvessels ruptured and released 
epoxy healing agent which filled the damage [47]. It was found that some samples achieved 
complete healing, while others failed to recover the mechanical properties [47]. For the 
healed samples, it was found that rupture of two orthogonal vessels was required for 
adequate mixing of the resin and hardener to initiate the healing cure reaction [47]. As for 
the test specimens that did not recover their flexural strength, it was found that either the 
microvasculate containing epoxy resin or hardener did not rupture [47].  
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Toohey et al. [30] developed a microvasculate self-healing composite that used liquid 
dicyclopentadiene (DCPD) and solid Grubbs’ catalyst. This system was designed to mimick 
the healing of human skin. The catalyst was embedded within an epoxy coating, on the top 
surface of the microvascular network substrate material. The channels were filled with 
DCPD and then sealed (Figure 2-7). This system was able to achieve a maximum healing 
efficiency of 70% failure load from four point bending. 
 
 
Figure 2-7 (a) Schematic of a microvascular network in human skin; (b) schematic of the self-healing 
composite material comprising the microvascular network approach; (c) epoxy coating, revealing the 
crack propagation paths initiating at the top surface and propagate towards the microchannel 
openings at the interface; (d) image of material after crack has formed, showing excess healing 
agent on the surface [30] 
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2.3 NON-AUTONOMOUS SELF-HEALING: THERMALLY REVERSIBLE 
CROSS-LINKED POLYMERS 
A new class of healable polymers are capable of healing cracks through thermo-reversible 
cross-linking [5, 9]. This healing method has advantages over the microencapsulation, 
hollow glass fibre, and microvascular network approaches because it does not require 
additional agents such as catalyst, monomer or special treatment of the fracture interface [5]. 
Moreover, unlike the autonomous self-healing approaches, mendable polymers are capable 
of performing multiple healing operations as there is no depletion of healing agent  [11].  
 
Thermally reversible cross-link functional groups can be incorporated as part of the polymer 
backbone or as pendent groups attached to the chain. The thermally reversible bonds can 
break under mechanical loading of the polymer; however the bonds reform at elevated 
temperature thereby healing the damage and recovering the mechanical properties [11]. The 
most studied polymers contain reversible covalent bonds via the Diels-Alder (DA) 
cycloaddition reaction [9]. The DA reaction was first studied by Diels and Alder in 1928 
[87], which involves covalent bonding between conjugated diene and dienophile (Figure 2-
8). These two compounds form a cyclohexene ring system, which contains two newly 
formed C–C bonds. In order for the DA reaction to proceed, the diene must be in the s-cis 
configuration; compounds in this configuration (such as cyclic dienes) are more reactive in 
DA additions [9]. The chemical bonds inside the cyclohexene ring system dissociate 
resulting in a retro-DA reaction at elevated temperature (~120°C). The broken bonds reform 
upon cooling back to the cyclohexene ring structure, which is the DA reaction [10]. This 
reaction is fully reversible and is used to heal cracks in polymers [9, 10]. In principle, an 
infinite number of crack healing events are available without the aid of additional catalysts, 
monomers and special surface treatment [48, 49]. This polymer has mechanical properties 
comparable to many commercial epoxies and unsaturated polyesters.  
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Figure 2-8 Diels–Alder cycloaddition reaction. Note: A and B need not be connected, C and D can be 
connected to each other through any group [8]. 
 
A number of Diels-Alder based thermally activated healing polymers have been 
investigated, most notably materials that contain furan or maleimide groups as the diene or 
dienophile respectively, or materials that possess cyclopentadiene groups as both diene and 
dienophile [9].  
 
Chen et al. [48] investigated a polymer that consisted of a multi-furan monomer (containing 
diene functional groups) and a multi-maleimide monomer (containing dienophile functional 
groups) to activate the Diels-Alder reaction. A 57% healing efficiency was obtained  and the 
crack propagated through the functional groups because these chemical bonds are weaker 
than the other types of covalent bonds in the polymer (Figure 2-9) [48]. This cross-linked 
thermoset can achieve healing and partially recover its mechanical properties for multiple 
healing cycles, and this significantly extends the functional lifetime of the material [48]. 
This same material was investigated by Plaisted and Nemat-Nasser [50] who its was 
effective in healing at the glass transition temperature (Tg)  which resulted in full strength 
recovery [50]. Healing efficiency was found to be near 100% after several healing cycles 
[50]. 
 
Murphy et al. [51] investigated the healing performance of a polymer containing 
dicyclopentadiene groups that act as both diene and dienophile. A ~46% healing efficiency 
in terms of compressive strength was obtained after healing [51]. The polymer reformed to 
its original shape after compression testing due to shape memory effect [51]. 
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Tian et al. [52] investigated a healable epoxy containing furan and malemide moieties 
attached to the polymer chain. It was discovered that the mechanical properties of the 
mendable epoxy were comparable to an unmodified epoxy [52].  
 
 
Figure 2-9 (a) Mending efficiency of furan/maleimide polymer from fracture toughness testing of 
compact tension test specimens; (b) image of a broken specimen before thermally activated healing; 
(c) image of the specimen after the healing process; (d) SEM image of the fracture surface of a 
healed material: the left side is the as-healed surface and the right side is the scraped surface; (e) 
enlarged image of the boxed area in (d) [48]. 
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2.4 NON-AUTONOMOUS SELF-HEALING: THERMOPLASTIC ADDITIVES  
2.4.1 Introduction 
It was previously mentioned that microencapsulation and microvascular networks are 
autonomous self-healing methods. However, utilizing either method is challenging because 
the healing agent containers must be fragile enough to break in the presence of damage 
while also being strong enough to remain intact during fabrication of the polymer or 
composite. In order to avoid these complexities, solid-state thermoplastic additives as 
mendable materials have been developed. The use of thermoplastic additives in a thermoset 
matrix simplifies the fabrication of composites since the additives are simply embedded into 
the polymer matrix phase without the need for containment [9]. In addition, using 
thermoplastic additives (instead of thermally reversible cross-links) enables the original 
polymer to remain chemically unaltered [5]. 
 
The thermoplastic healing agent can be miscible or immiscible in the thermoset polymer. 
For immiscible thermoplastics, after the crack hads propagated through the healing agent, it 
is melted by heating and then flows into the crack (Figure 2-10) [5]. For the miscible 
thermoplastic, upon cracking and followed by heating, the thermoplastic diffuses throughout 
the matrix with polymer chains bridging the crack plane and facilitating healing [9].  
 
The majority of studies into solid-state mendable systems have focused on polymer films 
containing inorganic compounds used for corrosion protection on metallic structures 
operating in hydrothermal environments [45, 53-60]. When a defect, such as crack, scratch 
or gouge, is formed on the metal surface then the inorganic agent reacts to form an inert 
layer which provides protection to the underlying material [9].  
 
The use of thermoplastic additive as the mendable agent in polymers [61-66] and fibre 
reinforced composites has been investigated [61-63, 66-70]. This was first demonstrated by 
Zako and Takano [61] in 1999, in which thermoplastic healing agent was added to both 
epoxy resin and glass fibre-reinforced epoxy composite [61]. The healing agent phase 
separated in the epoxy resin, resulting in a two–phase solid solution [61].  Upon cracking, 
the thermoplastic melts and flows into the crack during the elevated temperature healing 
process.  
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Figure 2-10 Mechanism of non-autonomous healing using an immiscible thermoplastic in a polymer 
substrate [71]. 
 
2.4.1 Poly (bisphenol-A-co-epichlorohydrin (PBE)  Healing System 
Hayes et al [62, 63, 72] assessed thermoplastic additives in epoxy resin and E-glass fibre 
composite, in which the healing agent was dissolved in the epoxy forming a single phase 
polymer matrix. Healing was conducted by heating the mendable epoxy or composites at 
elevated temperature. During the healing process, the thermoplastic migrates through the 
solid polymer substrate via diffusion and heals the damage site. Hayes et al. [63] 
investigated a ‘‘solid solution’’ of thermoplastic (polybisphenol-A-co-epichlorohydrin or so-
called “PBE”) healing agent in a thermoset (epoxy) resin. Hayes et al [62] showed that 
addition of this linear chain polymer has minimal effect on the thermomechanical properties 
of the epoxy matrix. Also, this thermoplastic agent has similar solubility as the epoxy which 
shows that the PBE dissolved in the epoxy and reversibly bonding via H-bonding to the 
cross-linked network of the cured resin below the healing temperature. When the material 
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was fractured via compact tension test and healed at temperatures between 100 and 140oC, 
H-bonds break and release the linear thermoplastic chains which diffuse through the epoxy. 
Healing occurs by bridging of the crack via molecular interdiffusion and chain entanglement 
of the thermoplastic. It was found the healing efficiency increased with healing temperature, 
and this was due to the increase in diffusion rate of the thermoplastic across the crack 
surfaces (Figure 2-11) [63, 72]. The maximum recovery in strain energy release rate of the 
mendable epoxy was ~70% [63].  
 
 
Figure 2-11 Strain energy release rate (GIC) of the unmodified and mendable epoxy before and after 
healing [63]. 
 
Hayes et al [63] also investigated the healing efficiency of E-glass fibre composite with 
epoxy blended with PBE under impact loading and showed that after healing the impact 
damage area reduced by ~30%. In a follow-up study, Hayes et al. [62] explored the healing 
performance of this system in epoxy and E-glass/epoxy composite under multiple impact-
healing cycles. Also, the study determined the optimum PBE content to achieve maximum 
healing efficiency.  For epoxy blended with PBE material, the optimum PBE content was 
7.5%wt which provided the maximum healing efficiency in terms of impact strength of 43% 
after first healing at 130oC for 6 hours. Hayes et al. [62] also discovered that the healing 
efficiency decreased with increasing number of impact-healing cycles.  
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Healing efficiency of the E-glass/epoxy composite with PBE was quantified by the healed 
delamination area over the intial damage area induced by the first impact event. The 
delamination area in the mendable composite was shown to be reduced by 20–30% in the 
healing cycle (Figure 2-12). Also, the normalized delamination area for the unmodified 
composite was shown to be higher than the mendable composite [62].  
 
 
Figure 2-12 The effect of repeated impact and healing operations on unmodified (solid line) and 
mendable (dashed line) E-glass/epoxy composites [62].  
 
Varley et al [73] continued the study of this healing system by using functionally terminated 
PBE thermoplastic modifiers as healing agents in epoxy resin. Test was conducted via 
single-end notched beam test (SENB) and after healing at 170-185oC healing efficiencies in 
failure load were obtained in the range of 22-50% compared with the healed unmodified 
epoxy resin (Figure 2-13) [73]. Varley and colleagues [73] also showed that the healing 
efficiency of the mendable epoxy decreased gradually drop with the number of healing 
cycles. Varley et al [73] suggested that the miscibility of PBE in epoxy and self-assembly by 
non-covalent interactions from the end groups contributed to the healing process and the 
recovery in failure load. It was also discovered that the load recovery decreased with the 
healing temperature, and this was because of the decrease in free volume and mobility of the 
thermoplastic healing agent [73]. 
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Figure 2-13 Load recovery of the unmodified and sodium salicylate–terminated poly(bisphenol A-co-
epichlorohydrin) (PolyBis Na) epoxy in each healing cycles and thermoplastic content [73]. 
 
2.4.2 Poly (ethylene-co-(Methacrylic Acid) (EMAA) Healing System 
Poly[ethylene-co-(methacrylic acid)] (EMAA) is an ethylene acid co-polymer containing 
methacrylic acid groups randomly distributed along the EMAA polymer chain (Figure 2-
14). EMAA is an inexpensive thermoplastic which is easy to process into various forms 
including non-encapsulated particles [64, 65, 74, 75], encapsulated particles [68], interlaced 
filaments (meshes) [74], non-woven fabrics [69], patches [70], and stitches [67]. EMAA has 
been used as an insoluble healing agent for both neat epoxy [64-66, 68] and carbon-epoxy 
composites [67, 69, 70, 74]. 
 
 
Figure 2-14 Poly (ethylene-co-(methacrylic acid) (EMAA) 
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Meure et al. [65] performed an initial investigation into the healing performance of EMAA 
particles (245-495µm in diameter) dispersed in epoxy resin. It was discovered that after 
heating at 150oC, the fractured epoxy recovered up to 85% of its fracture toughness (KIc) 
(Figure 2-15) [65]. Optical microscopy in Figure 2-16 and 2-15 shows that the recovery in 
the mechanical properties was due to EMAA particle healing as well as the formation of an 
adhesive layer between adjacent epoxy crack surfaces [65].  
 
 
Figure 2-15 Load–extension plots for virgin, damaged and healed epoxy containing EMAA TDCB 
test specimens [65]. 
 
 
Figure 2-16 Reflectance optical microscopy image revealing (I) epoxy resin, (II) an EMAA particle 
and (III) a crack after: (A) 150oC for 2 mins, (B) 150oC for 5 mins, (C) 150oC for 9 mins, and (D) 
150oC for 30 mins [65]. 
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Figure 2-17 Reflectance optical microscopy image showing healing of epoxy using EMAA [65]. 
 
Fractographic analysis (Figure 2-18) revealed that high-pressure bubbles trapped inside the 
EMAA were the driving force for the healing mechanism [64, 65]. This pressure originated 
from volatiles (e.g. water) formed as by-products of interfacial reactions between the EMAA 
and epoxy at elevated temperature [64, 65, 74]. A condensation reaction occurs between 
hydroxyl groups in the epoxy and carboxylic acid functional groups in the EMAA. Tertiary 
amine groups in the epoxy matrix act as the catalysis in the reaction process [64, 65, 74]. 
The volatiles phase separate within the molten EMAA due to their low solubility limit 
thereby forming high-pressure (gas filled) bubbles. The internal pressure increases within 
the bubbles as the reaction proceeds. When the healing temperature is above the melting 
temperature of the thermoplastic, the molten healing agent is forced into any cracks, voids 
and other open spaces; thereby, healing the epoxy (Figure 2-19) [64, 65, 74] 
 
 
Figure 2-18 Reflectance optical microscopy images of (I) epoxy resin, (II) EMAA particles and (III) 
bubbles. (A) and (C) show the surface and internal features of mendable epoxy resin when post-
cured at 150oC for 30 mins, respectively, while (B) and (D) show the surface and internal features 
after further treatment (healing) at 150oC for 30 mins under ambient pressure, respectively [65]. 
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Figure 2-19 Schematic of the healing mechanism of the mendable epoxy resins containing EMAA 
particles [65]. 
 
EMAA in the form of particles or fibres (meshes) in woven carbon fabric reinforced epoxy 
composites has also been investigated [74]. The investigation by Meure et al [74] was 
conducted by performing mode I interlaminar fracture toughness tests on the composite 
before and after healing. It was found that EMAA as discrete particles or fibres yielded more 
than 100% restoration in the critical strain energy release rate (GIc), after heating to 150oC 
for 30 mins under ambient pressure [74]. Furthermore, the healing process was repeatable, 
with Meure and colleagues restoring the interlaminar fracture toughness at least 10 times 
[74] using the same composite material, as shown in Figure 2-20. 
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Figure 2-20 Load-extension plots of virgin and 10 healing cycles of EMAA composite [74]. 
 
Potassium-stained (potassium hydroxide) composites were examined using scanning 
electron microscopy (SEM) which showed that the recovery in fracture toughness occurred 
via rebinding of the crack surfaces with EMAA. The thermoplastic had flowed into the 
delamination via the pressure delivery mechanism which occurred due to EMAA-epoxy 
interaction. Despite the difference in the fracture surface morphologies between the 
composites with EMAA particles and fibres, both forms of EMAA successfully healed the 
delamination and restored the interlaminar fracture toughness (Figure 2-21) [74]. 
 
 
Figure 2-21 SEM images of fracture surfaces (A) before healing EMAA particles composite, (B) 
fractured before healing EMAA meshes composite, (C) fractured healed EMAA particles composite, 
(D, E) fractured healed 4ply 100um EMAA meshes composite, and (F) fractured composite with no 
EMAA (all samples containing EMAA have been stained with aqueous potassium hydroxide and the 
EDS potassium map overlaid in red) [74]. 
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Varley et al [68] investigated the healing performance of high temperature epoxy amine 
composite systems with EMAA that is encapsulated within polyetherimide (PEI). The PEI 
was used to protect the EMAA during the curing process of the carbon fibre composite (at 
150oC) while not inhibiting healing when required. Functionalizing the PEI with 
triethylenetetramine (TETA) or diethylene toluene diamine (DETDA) were also performed 
to further facilitate healing. Varley and colleagues [68] found that when healed at 200oC for 
3h, no healing was obtained for the composite with unmodified EMAA (EMAA without 
PEI); however, when coated with PEI, the mode I fracture loads and interlaminar shear 
strengths were recovered to 100% and 50% of their original values, respectively. Further 
improvement in the fracture load was also achieved for the functionalized PEI coated 
EMAA with TETA or DETDA systems; however, no trend was observed for interlaminar 
shear strength (Figure 2-22) [68]. 
 
 
Figure 2-22 Healing efficiency of modified and unmodified EMAA in a carbon-epoxy composite peak 
load after mode I opening crack propagation [68]. 
 
SEM revealed that functionalising the EMAA produced more microbubbles (from 
interaction between EMAA and epoxy interface) which generated higher viscous flow than 
non-functionalised or non-capsulated EMAA systems [68]. Hence, this shows that EMAA 
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(which has a melting temperature of about 90oC) can be used as a healing agent in epoxy 
resin systems cured at 150oC [68]. Without the protection offered by the PEI coating,  
EMAA degrades and is not able to function as a healing agent [68]. In addition, 
incorporating epoxy resin with functionalized PEI coated EMAA also assists in healing 
apparently via the activation of the pressure delivery mechanism [68]. 
 
Varley and Parn [69] investigated EMAA in the form of a non-woven mesh (Figure 2-23) 
that was embedded into a woven carbon fabric epoxy composite. The recovery to the mode I 
interlaminar fracture toughness was over 200% and the recovered toughness increased with 
the EMAA concentration (Figure 2-24). As for the mode II interlaminar shear loading, the 
failure load was slightly above 100% and was independent of the EMAA content. Moreover, 
the modulus was also found to be restored to about 80% of its original value when modified 
with EMAA [69]. On the other hand, after repeated impact loading of the composites there 
was no recovery to the mechanical properties due to the severity of damage [69].  
 
  
(a) (b) 
Figure 2-23 EMAA non-woven mesh, (a) prior to any processing, highlighting the fragile form. (b) 
EMAA after pressing and consolidation onto a carbon fibre sheet [69]. 
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Figure 2-24 Mode I interlaminar fracture toughness carbon-epoxy composite before and after healing 
[69]. 
 
Wang et al [70] investigated the performance of a unidirectional carbon fibre-epoxy 
composite with EMAA in the form of rectangular-shaped patches (23% areal coverage) 
placed between the middle plies. It was discovered that EMAA patches improved the mode I 
interlaminar fracture toughness (206% of the unmodified composite) but reduced the 
interlaminar shear strength (67% of the unmodified composite) (Figure 2-25) [70]. After 
healing, the mendable composite showed a 88% and 36% recovery in the fracture toughness 
and shear strength, respectively (Figure 2-25) [70]. 
 
 
Figure 2-25 Mode I interlaminar fracture toughness of unmodified and EMAA patched composites 
[70]. 
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Yang et al [67] conducted an experimental investigation into a new type of stitched carbon 
fibre-epoxy composite that combines high interlaminar toughness with mendable repair of 
delamination damage (Figure 2-26). The composite was stitched with EMAA filaments to 
create a three-dimensional mendable fibre system that also provides high interlaminar 
fracture toughness. It was discovered that the EMAA stitches increased the mode I 
interlaminar fracture toughness by 120% before healing [67]. After performing healing, the 
3D stitched network was effective in delivering the EMAA extracted from the stitches into 
the delamination, and this resulted in 150% recovery in the delamination fracture toughness 
compared to the original material (Figure 2-27) [67]. 
 
    
Figure 2-26 Schematic diagrams of 3D mendable stitch network in carbon fibre/epoxy composite (a) 
before healing and (b) after healing [67]. 
 
 
Figure 2-27 Mode I interlaminar fracture toughness of unstitched and mendable stitched composites 
before and after one and two repair cycles [67]. 
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An investigation of the healing reaction processes between EMAA and DGEBA, TETA, or a 
mixture of DGEBA and TETA in the epoxy was conducted by Meure et al. [66]. The 
investigation was performed using attenuated total reflectance Fourier transformed infrared 
spectroscopy (ATR-FTIR) [66].  The types of reactions are shown in Figure 2-28 
 
   
(a) (b) 
   
(c)    (d) 
   
(e)  (f) 
Figure 2-28 Chemical reactions between EMAA and DGEBA-TETA (a) acid-oxirane reaction, (b) 
acid-hydroxyl condensation reaction, (c) acid-amine reaction, (d) acid-ether reaction, (e) acid-
hydroxyl reaction, and (f) acid-tertiary amine reaction [66]. The reaction in (a) and (b) produce 
covalent bonds, (c) produces ionic bonds, and (d)-(f) produce hydrogen bonds. 
 
Meure et al [66] found that a number of interfacial interactions occurred between EMAA 
and DGEBA, TETA, and DGEBA-TETA during curing, post-curing and healing. Only 
hydrogen bonding (Figure 2-28d and e) occurred between EMAA-DGEBA during curing 
(50oC); while acid-oxirane covalent bonds (Figure 2-28a) and hydrogen bonds (Figure 2-28d 
and e) formed during post-curing (150oC) and healing (150oC). Ionic bonds (Figure 2-28c) 
exist between EMAA-TETA. All reactions (Figure 2-28a to f) occurred during post-curing 
between EMAA and DGEBA-TETA.  
 
It was also found that after post-curing, the EMAA surface in contact with the DGEBA–
TETA had a rippled texture with small voids where bubbles had formed [66]. It is believed 
these ripples and bubbles are caused by boiling and vapourisation of water formed 
subsequent to the condensation polymerisation (acid-hydroxyl) reaction. This surface 
morphology did not occur with EMAA in contact with DGEBA (50oC and 150oC), TETA 
(50oC and 150oC) or DGEBA–TETA mixture (50oC), indicating that acid-hydroxyl bonding 
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does not occur to any appreciable extent. It was concluded by Meure and colleagues that the 
acid-hydroxyl reaction takes place at elevated temperature (150oC), with tertiary amine 
groups from the TETA being the catalyst for the reaction [66]. The acid-oxirane and acid-
hydroxyl reactions produce only a small loss in the carboxylic acid content in EMAA. This 
means that many carboxylic acid groups in the EMAA are available for reaction processes 
with the oxirane, primary/secondary amine, tertiary amine, ether, and hydroxyl in the epoxy 
during healing. The reactions produce covalent, hydrogen, and ionic bonding between the 
EMAA and epoxy, which is responsible for strong adhesive bonding between the two phases 
after healing.  
 
Meure et al [64] measured the adhesive strength between EMAA and DGEBA-TETA for 
increasing post-curing times at 150oC. The strength was measured using the butt joint test, 
with ATR-FTIR used to identify the binding interaction at the EMAA-epoxy interface [64]. 
Comparison of the changes in adhesive strength and in concentration of oxirane and amine 
functional groups suggest that acid-oxirane provided the highest EMAA–epoxy interfacial 
strength compared to other binding mechanisms (Figure 2-29). 
 
 
Figure 2-29 Effect of post-cure time on the adhesive strength of epoxy butt joints bonded with EMAA 
film [64]. 
 
The effect of the concentration ratio of DGEBA to TETA on the healing performance of 
epoxy containing EMAA particles was also performed by Meure et al. [64]. As the ratio of 
DGEBA to TETA went from stoichiometric to the concentration ratio that contained excess 
oxirane functional groups, the healing efficiency decreased rapidly. The fracture surface, 
High concentration of oxirane group 
Low concentration of hydroxyl group 
Low concentration of oxirane group 
High concentration of hydroxyl group 
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taken using SEM, of the excessive oxirane blend and stoichiometric ratio materials (Figure 
2-30 A and B, respectively) revealed different surface morphologies. Fractography of the 
mendable epoxy with excess oxirane functional groups had an absence of bubbles within the 
EMAA particles and at the EMAA-epoxy interface (Figure 2-30A). The stoichiometric 
oxirane:amine ratio generated bubbles within and at the interface of the EMAA particles, as 
shown Figure 2-30B. This reveals that healing via the pressure delivery mechanism only 
occurs at the stoichiometric ratio.  
 
    
Figure 2-30 SEM images of fracture surfaces of the healed SENB mendable epoxy material with (A) 
excess oxirane formulation and (B) stoichiometric oxirane:amine ratio [64]. 
 
2.4.3 Ethylene Vinyl Acetate (EVA) Healing System 
Ethylene vinyl acetate (EVA) is a thermoplastic with good adhesive properties but no 
reactive functionality with epoxy. Varley et al. [75] investigated the healing performance of 
EVA particles (149-295 µm diameter) in an epoxy using the single edge notched beam test 
(SENB). It was found that the healing efficiency increased with the EVA content, and more 
than fully recovery in the fracture load of the epoxy was achieved. The healing mechanism 
involves viscous flow into the damage at elevated temperature. Upon cooling it bonds 
strongly to the epoxy and is highly ductile. 
 
2.4.4 Poly (Ethylene-co-Glycidyl)-Methacrylate (PEGMA) Healing System 
Poly(ethylene-co-glycidyl)-methacrylate (PEGMA) is a thermoplastic with glycidyl 
functionality that can react with residual amine in epoxies and exhibits a pressure delivery 
mechanism similar to EMAA. The healing performance of PEGMA particles in epoxy was 
investigated by Varley et al. [75], the healing efficiency increased with the thermoplastic 
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content. Similar to EMAA, the healing mechanism of PEGMA was the pressure delivery 
mechanism and strong adhesive bonding with epoxy resin [75]. 
 
2.5 SUMMARY AND OUTSTANDING RESEARCH ISSUES 
Recent research [64-70, 74, 75] into non-autonomous self-healing systems using EMAA 
have revealed it is effective in repairing epoxy resin and carbon fibre-epoxy matrix 
composites. Meure et al. [64-66] measured over 100% healing efficiency in the fracture load 
of the healed epoxy, and found that the pressure delivery mechanism at the EMAA-epoxy 
interface was the main healing mechanism. Meure et al. [74] also reported that EMAA 
particles or fibres were able to recover more than 100% of the mode I interlaminar fracture 
toughness of carbon fibre-epoxy composites after healing, and maintained this high healing 
efficiency for multiple repair operation. Despite these findings, there is still lack of 
understanding on the toughening mechanisms of the EMAA that results in such high 
recoveries in fracture toughness. Previous studies into EMAA have only quantified the 
healing efficiency based on the recovery in fracture toughness. There is no research on the 
healing efficiency, healing mechanism for delamination fatigue resistance, impact loading 
performance or in-plane mechanical properties. 
 
Yang et al. [67] conducted an experimental investigation into the delamination toughening 
and healing properties of carbon–epoxy composites stitched with EMAA. Stitching with 
EMAA increased the mode I interlaminar fracture toughness before healing, and also 
achieved high recovery in the toughness after healing. This PhD project will extend this 
research by investigating the effect of EMAA stitch density on the healing properties and 
mechanical properties of the composite. 
 
Varley et al. [75] showed that PEGMA, EVA, and ABS are effective thermoplastic healing 
agents for epoxy. However, no investigation into the healing efficiency and healing 
mechanisms of these thermoplastics in carbon fibre-epoxy composites has been performed, 
and therefore these healing agents are also studied as part of this PhD project.  
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CHAPTER 3:  
SELF-HEALING OF DELAMINATION CRACKS IN MENDABLE 
EPOXY MATRIX COMPOSITES USING POLY [ETHYLENE-CO-
(METHACRYLIC ACID)] THERMOPLASTIC 
 
Abstract 
This chapter investigates the self-healing repair of delamination damage in carbon fibre-
epoxy composites using poly (ethylene-co-methacrylic acid). The effects of different types 
(fibres or particles) and concentrations of the mendable EMAA agent on the self-healing 
efficiency are investigated. EMAA was found to be effective in healing delamination 
damage and increasing the fracture toughness compared to the original composite. High 
healing efficiency was achieved by the wide area flow of EMAA (increase of ~25 times) 
through delamination cracks under a unique pressure delivery mechanism. High recovery 
(~300%)  in the static mode I interlaminar fracture toughness was achieved after healing by 
the formation of a large-scale bridging zone consisting of EMAA ligaments along the 
delamination, which is a toughening mechanism unique to this type of mendable composite. 
The mendable composites retained high healing efficiency with multiple repair cycles 
because of the capability of EMAA to reform the bridging zone under static delamination 
crack growth conditions.  
 
Under interlaminar fatigue loading, healing by the EMAA was found to restore the mode I 
fatigue crack growth resistance, with the rates of growth being slightly less than to the 
unmodified composite. The large-scale EMAA bridging zone, which generated high 
toughness under static loading conditions, does not develop under fatigue loading because of 
rapid fatigue failure of the crack bridging ligaments. Similar to the multiple healing 
capability of EMAA under static loading, multiple healing of delamination fatigue cracks is 
confirmed, with the fatigue crack growth rates remaining approximately unchanged with 
increasing number of healing operation. This study shows that EMAA is capable of full 
recovery of fatigue crack growth resistance and superior healing efficiency for static 
loading.  
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A study on the ability of EMAA to heal impact damage and recovering to the composites 
was also conducted. EMAA was ineffective in healing delaminations and matrix crack 
created by impact loading and not restore the compression strength. This is attributed to the 
ineffectiveness of EMAA to flow into small narrow cracks due to its high viscosity.  
 
The research presented in this chapter has been published in the following journal and 
conference papers: 
 
 Pingkarawat, K., Wang, C.H., Varley, R.J., and Mouritz A.P., Self-healing of 
delamination cracks in mendable epoxy matrix composites using poly[ethylene-co-
(methacrylic acid)] thermoplastic. Composites Part A: Applied Science and 
Manufacturing, 2012. 43(8): p. 1301-1307. 
 
 Pingkarawat, K., Wang, C.H., Varley, R.J., and Mouritz A.P., Self-healing of 
delamination fatigue cracks in carbon fibre-epoxy composite using mendable 
thermoplastic. Journal of Materials Science, 2012. 47(10): p. 4449-4456. 
 
 Pingkarawat, K., Mouritz A.P., Wang, C.H., and Varley, R.J., Delamination toughening 
and healing of carbon-epoxy composite with a polyethylene-co-methacrylic ccid 
(EMAA) self-healing modifier, in Proceeding of the CSIRO Advanced Materials 
Conference and Workshops (CAM), Melbourne, Australia, 2012. 
 
 Pingkarawat, K., Wang, C.H., Varley, R.J., and Mouritz A.P., Delamination toughening 
of carbon-epoxy composite with a polyethylene-co-methacrylic acid (EMAA) self-
healing modifier. in Proceeding of the 28Th International Congress of The Aeronautical 
Sciences (ICAS), Brisbane, Australia, 2012. 
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3.1 INTRODUCTION AND BACKGROUND 
Recent research has revealed that poly[ethylene-co-(methyacrylic acid)] (EMAA) is  an 
effective mendable thermoplastic for epoxy matrix composites [65, 66, 74], as described in 
Chapter 2. Meure et al [65] measured a healing efficiency of over 100% in the fracture load 
of damaged epoxy by the inclusion of EMAA as small second phase particles. A novel 
pressure delivery mechanism that involves a condensation reaction between the EMAA and 
epoxy resin at elevated temperature (about 150oC) is the main healing mechanism [64, 66]. 
Hydroxyl-acid reactions catalyzed via tertiary amine at the EMAA-epoxy interface produces 
volatiles (e.g. water) that phase separate into tiny bubbles within the EMAA. The internal 
pressure within the bubbles increases as the volatiles expand during healing at high 
temperature and this causes the hot, viscous EMAA to flow into the cracks and other open 
flaws within the epoxy matrix. The internal cracks were healed by a strong adhesive bond 
forming between EMAA and epoxy when the EMAA solidifies upon cooling. The self-
healing process using EMAA can be repeated multiple times without any significant loss in 
the healing efficiency [65, 74]. Meure et al. [74] also reported that self-healing repair of 
delamination cracks in carbon fibre-epoxy composites can be achieved using EMAA 
particles or fibres. EMAA was able to recover more than 100% of the mode I interlaminar 
fracture toughness after healing carbon-epoxy composites containing a delamination crack. 
Such healing efficiency is equivalent or greater than that reported for composites using the 
microcapsule or microvascular repair methods.  
 
Despite this substantial restoration in toughness, the interlaminar toughening mechanisms 
that cause such improvement are not well understood. Also, there is no research on the 
healing efficiency and toughening mechanisms of EMAA under interlaminar fatigue 
loading. To date, no studies have reported on the healing efficiency of fatigue delamination 
cracks in composite composites using either capsulated, microvascular or mendable 
techniques. 
 
This chapter presents research that extends the original work by Meure et al [74] into the 
self-healing repair of delamination cracks in a carbon fibre-epoxy composite using EMAA 
particles or fibres. This study extends the work by Meure and colleagues [74] by assessing 
the delamination crack growth process and interlaminar toughening mechanisms which 
CHAPTER 3 
SELF-HEALING OF DELAMINATION CRACKS IN MENDABLE EPOXY MATRIX COMPOSITES USING POLY [ETHYLENE-
CO-(METHACRYLIC ACID)] THERMOPLASTIC 
 
KHOMKRIT PINGKARAWAT          
      43  
result in the high healing efficiency of epoxy matrix composites containing EMAA. The 
study identifies the mechanism responsible for the high recovery in delamination toughness 
of mendable composites following healing using EMAA. Also, an investigation into healing 
repair of fatigue-induced delamination cracks and the recovery to the interlaminar fatigue 
properties of carbon fibre-epoxy composite with EMAA is conducted. The healing 
efficiency was quantified by measuring changes to the delamination crack growth rate of the 
EMAA composites before and after healing under mode I interlaminar cyclic loading. The 
capability of EMAA to repair fatigue cracks and restore the fatigue crack growth resistance 
is assessed for multiple healing cycles. The mechanisms controlling the repair of fatigue 
cracks and the restoration of the interlaminar fatigue properties is investigated. Similarities 
and differences in the healing of delamination cracks which grow under static and fatigue 
mode I interlaminar loadings are explored in this chapter.  
 
3.2 MATERIALS AND RESEARCH METHODOLOGY 
3.2.1 Mendable Carbon Fibre-Epoxy Composites 
The healing properties of EMAA were evaluated for a 20 ply thick carbon fibre–epoxy 
composite with a cross-ply ([0/90]) stacking pattern. The carbon was a 200 g/m2 plain 
woven carbon fabric (ARR Reinforcements Limited, United Kingdom) and the epoxy was 
diglycidyl ether of bisphenol A (DGEBA, DER™ 331 from Dow Plastics, Australia) mixed 
with triethyltetramine (TETA, DEH24 from Dow Plastics, Australia) at the stoichiometric 
ratio of 100:13 w/w epoxy to amine. Four types of carbon–epoxy composite containing 
different amounts of EMAA fibres and one type of composite containing EMAA particles 
were studied, and these materials are listed in Table 3-1.  
 
EMAA particles were produced from pellets (Figure 3-1) of Nucrel® (Dupont Packing and 
Industrial Polymers, United States), which is an ethylene acid copolymer made with 19% by 
weight of methacrylic acid randomly distributed along the polymer chains. The acid groups 
in the methacrylic acid were not neutralised. The EMAA pellets were ground into a fine 
powder under cryogenic conditions using liquid nitrogen. The final diameter of the ground 
particles after mechanical sieving was between 250 and 425 µm. The EMAA particles were 
dried at 50oC for four days in a heating oven. The particles were then blended into the 
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uncured epoxy resin at the volume content of 15%. The EMAA particles did not dissolve 
into the epoxy, but instead formed a solid thermoplastic–liquid thermoset mixture.  
 
Table 3-1 Carbon fibre-epoxy composites used to study the healing efficiency of EMAA. 
Composite EMAA Self-Healing Agent 
Average 
Carbon Fibre 
Content (vol%) 
Average 
Composite 
Thickness (mm) 
Control composite No EMAA 40% 3.5 
EMAA particle composite 
EMAA particles (250-425 
µm size range): volume 
content of 15% 
26% 5.0 
EMAA fibre composite                
– (2 ply/50 µm) 
EMAA mesh with 2 plies of 
50 µm diameter fibres 
31% 3.7 
EMAA fibre composite 
– (2 ply/100 µm) 
EMAA mesh with 2 plies of 
100 µm diameter fibres 
30% 4.0 
EMAA fibre composite 
– (4 ply/50 µm) 
EMAA mesh with 4 plies of 
50 µm diameter fibres 
32% 
4.0 
 
EMAA fibre composite 
– (4 ply/100 µm) 
EMAA mesh with 4 plies of 
100 µm diameter fibres 
30% 4.0 
 
 
Figure 3-1 Photograph of the EMAA pellets 
 
EMAA fibres were produced by hot extrusion of the ground Nucrel® pellets into 50 or 100 
µm diameter filaments under a force of 20 N cm, temperature of 140oC and speed of 400 
m/min. The solid EMAA filaments were then manually woven into a 0/90 mesh with a 
spacing of 4 mm using a wire frame as a template (Figure 3-2). After weaving, the mesh was 
placed between two aluminium plates wrapped with Teflon film and heated at 100oC for 10 
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min to fuse the warp and weft filaments at the cross-over points to consolidate the weave 
and facilitate ease of handling. Similar to EMAA particles, the meshes were dried at 50oC 
for four days in a heating oven. 
 
(a)                                          (b) 
Figure 3-2 (a) Photograph and (b) schematic of the EMAA mesh used as the healing agent to repair 
delamination cracks in carbon-epoxy composite. 
EMAA fibres were only placed at the ply interfaces close to the mid-plane of the carbon 
fibre-epoxy composite, as shown schematically in Figure 3-3; and they were not dispersed 
throughout the material like the EMAA particles. The EMAA fibres were placed between 
the two central plies and between these plies and their neighbouring ply. The EMAA fibres 
were contained to this region, rather than being placed between every ply, because the self-
healing repair efficiency was assessed for delamination cracking along the mid-thickness 
plane of the composite (as indicated in Figure 3-3). In addition, the reason for locating the 
EMAA mesh at the neighbouring carbon–epoxy ply of the middle plies is to repair multiple 
delaminations in the event of crack branching. A control composite without EMAA particles 
or mesh was used to benchmark the self-healing efficiency of the mendable composites. 
 
1 mesh is covering 5% of the surface after 
processing 
4 mm 
4 mm 
Filament with 
an original 100 
µm diameter 
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Figure 3-3 Schematic showing the interply locations of the EMAA fibres and the delamination 
fracture plane in the carbon fibre-epoxy composites. 
 
The 20-ply composites with and without EMAA were fabricated in the same way that 
involved the following process steps: wet hand lay-up; gel of the epoxy resin at room 
temperature for 30 min under one atmosphere pressure applied using a vacuum bag; curing 
and consolidation at 70oC and 2 MPa for one hour; and finally post-curing at 150oC for 30 
min at ambient pressure. After curing, it was observed by optical microscopy that the 
EMAA remained as an insoluble second phase within the epoxy matrix. For example, Figure 
3-4 shows the microstructure of a mendable composite close to the mid-plane where the 
EMAA meshes are located. Since the melting temperature of EMAA is 83oC and the 
composite was cured at 70oC and post-cured at 150oC, EMAA filaments did not melt during 
the curing process of the epoxy. In addition, since no flow was possible during the post-cure, 
the EMAA fibres retained their original size, fully surrounded by the cured epoxy resin. The 
EMAA filaments exhibited certain degree of shape change becoming flatter (Figure 3-4(b)) 
and this is due to the pressure used to consolidate the composite. The average carbon fibre 
content and thickness of the control and mendable materials are given in Table 3-1. The 
carbon fibre content was less in the mendable composites due to the space occupied by the 
EMAA healing agent. For instance, the presence of EMAA fibres between the carbon plies 
created large epoxy resin-rich interlaminar regions (Figure 3-4(b)) which lead to lower 
average fibre volume content (Table 3-1). This has an adverse effect on the in-plane 
mechanical properties of the composite, which are examined in Chapter 6.  
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 (a)       (b) 
Figure 3-4 Microstructures of the (a) unmodified composite and (b) mendable composite. In (b): Zone 
F is where the EMAA filaments did not change shape during fabrication; Zone E is where the 
filaments changed shape and became flattened; Zone R is epoxy resin-rich regions. 
 
3.2.2 Interlaminar Fracture Toughness Testing and Self-Healing 
The healing efficiency of the EMAA particles and fibres in the carbon/epoxy composite was 
quantified by measuring the recovery to the mode I interlaminar fracture toughness using the 
double cantilever beam (DCB) test. The DCB specimens were 130 mm long, 15 mm wide, 
and the unmodified and mendable composite specimens contained a pre-crack that was 35 or 
43 mm long, respectively. The pre-crack was created using 5 µm thick 
polytetrafluoroethylene (PTFE) film located between the two mid-thickness plies. Both 
static and fatigue DCB tests were performed; under static loading, the crack opening 
displacement was slowly increased monotonically while under fatigue loading a cyclic crack 
opening displacement was applied.  
 
The static interlaminar fracture toughness test was performed by applying a crack opening 
load to the pre-cracked end of the DCB specimen at a constant displacement rate of 2 
mm/min in close accordance with ASTM D5528- 01(2007)e3 specifications. The 
delamination crack was grown in short increments of 5–10 mm over a total length of about 
60 mm. At each increment of crack growth, the applied load (P), crack opening 
displacement (δ) and crack length (a) values were measured. Using this data, the mode I 
critical strain energy release rate was calculated using the equation: 
200 µm 200 µm 
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   [3-1] 
where b is the width of the DCB specimen. l  is a correction factor to account for vertical 
displacement and rotation effects at the delamination crack tip, and it was determined from 
the change in DCB specimen compliance with increasing delamination crack length, as 
described by Hashemi et al. [76]. 
 
Interlaminar fatigue tests were performed by applying a cyclic load to the DCB specimens in 
mode I displacement control at the frequency of 10 Hz. The R ratio, defined as the minimum 
crack opening displacement normalised to the maximum crack opening in one load cycle, 
was 0.1. Growth of the delamination was measured over a short length (typically 5-10 mm) 
under a constant fatigue stress intensity range (ΔGI) to measure the average crack growth 
length per load cycle (da/dN). The strain energy release rate range was varied between ~5 
J/m2 and ~1500 J/m2 to measure the fatigue crack growth rate over ten orders of magnitude 
(i.e. da/dN from 10-9 mm/cycle to 10 mm/cycle). This data was used to produce Paris fatigue 
curves for the unmodified and mendable composites. 
 
The delamination crack in the mendable composites was healed by heating to 150oC for 30 
min after static and fatigue DCB tests. This condition has been shown by Meure et al [65, 
66] to activate the condensation reaction which controls the healing process with EMAA. 
No external pressure was applied to the DCB specimens to close the delamination crack 
during thermal healing. The composites were then re-tested under the identical DCB test 
condition to measure the healing efficiency of the EMAA under static and fatigue loadings. 
The efficacy of the EMAA to repair the composite and restore the interlaminar toughness 
and fatigue properties was determined for five repetitions of the healing process, which were 
all performed under identical test conditions. 
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3.2.3 Compression After Impact Testing and Self-Healing 
An investigation into the healing efficiency of the EMAA particles in carbon/epoxy 
composite after impact loading was quantified by measuring the residual compressive 
strength. Both unmodified and mendable composite test specimens were 110 mm long and 
80 mm wide.  Prior to impact testing, each test specimen were ultrasonically scanned to 
ensure it was free of manufacturing induced damage such as large voids. Each test specimen 
was then impacted via drop weight test. A 12.7 mm diameter semi-spherical steel impacter 
weighing 6.4 kg was used to impact the composites at an incident energy of 10 J. After 
impact, the test specimen was ultrasonically scanned to measure the impact damage area. 
The ultrasonic was performed using Olympus Omniscan MX instrumented at a frequency of 
2.25 MHz in the C-scan mode. The test specimen was then healed with the same healing 
condition as the mode I static or fatigue tests. After healing, the samples were ultrasonically 
scanned again to detect any evidence of repair and then a compression test was conducted on 
the healed composites. Both ends of the test specimen were attached to the grips of the MTS 
(Model 312.31 250 kN capacity) test machine and anti-buckling plates were attached to 
prevent global buckling. The samples were loaded under displacement control with 0.5 
mm/min loading rate to fracture to determine the post-impact compressive strength. 
Compression testing on the non-impacted unmodified and mendable composites was used as 
a baseline to determine the healing efficiency of the mendable composite. Three samples 
were tested for both unmodified and mendable composites in the non-impacted and 
impacted conditions.  
 
3.3 RESULTS AND DISCUSSION 
3.3.1 Healing of Static Delamination Cracks 
Figure 3-5 shows the mode I interlaminar fracture toughness (GIc) values measured for the 
control and mendable composites in their original (as-manufactured) condition (i.e. before 
self-healing). The fracture toughness of the composites containing EMAA was about the 
same or lower than the toughness of the control material, revealing there was no beneficial 
toughening effect when the EMAA is in the original condition (as either fibres or particles). 
Other studies report that interleaving thermoplastic film between the ply layers of brittle 
thermoset matrix composites can increase the mode I interlaminar fracture toughness, 
usually by crack tip blunting [77-79]. However, the interleaved layer is usually a continuous 
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thermoplastic film, and this is more effective at toughening than the discontinuous fibres or 
particles of EMAA in the mendable composites. 
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Figure 3-5 Mode I critical strain energy release rates (GIc) for the control and mendable EMAA 
composites in the original condition. The error bars represent on standard deviation. 
 
The EMAA in the original condition not only failed to increase the fracture toughness, but it 
also promoted unstable delamination crack growth. Figure 3-6 shows examples of crack 
growth resistance (R) curves for a mendable composite and the control material in their 
original condition. The R-curve for the control composite was reasonably steady which is 
indicative of stable delamination crack growth. In comparison the R-curve for the mendable 
composite was more unstable due to the stick/slip behaviour of the delamination crack 
growth process. This stick/slip process is attributed to the discontinuous distribution of 
EMAA (as fibres or particles) along the delamination crack plane. For example, Figure 3-7 
shows the delamination fracture surface of a mendable composite which has distinct phase 
regions with or without EMAA, which is believed to cause unstable crack growth. 
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Figure 3-6 R-curves for the control composite and a mendable composite (4 ply/50 µm EMAA fibres) 
in the original condition. Note the more unstable curve for the mendable composite. 
 
 
Figure 3-7 Scanning electron microscope image of the fracture surface of a mendable composite in 
the original condition showing uneven distribution of EMAA particles.  
 
While EMAA was ineffective at toughening the composite in the original condition, it was 
effective at repairing the delamination crack and increasing the mode I interlaminar fracture 
toughness after thermally-activated self-healing. Figure 3-8 shows the mode I interlaminar 
fracture toughness values for the mendable composites before and after self-healing. The 
delamination crack was repaired by heating the mendable composite at 150oC for 30 min, 
and the fracture toughness was increased after self-healing (with the exception of the 
material with the lowest amount of EMAA [2 ply/50 µm fibres]). There was no healing or 
restoration of the interlaminar toughness of the control composite when heated at 150oC for 
30 min. The self-healing efficiencies for the different mendable composites was defined as 
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the percentage recovery to the mode I fracture toughness of the healed composites compared 
to the original composite, and the efficiency values are given in Figure 3-8. The healing 
efficiency increased with the amount of EMAA, and at the highest concentration the 
recovery in fracture toughness was nearly 200%. This is consistent with work reported by 
Meure et al. [65, 74] who measured a large recovery in the fracture load of epoxy resin and 
carbon fibre-epoxy composites containing EMAA. 
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Figure 3-8 Mode I interlaminar fracture toughness (GIc) for the control and mendable composites in 
the original condition (before healing) and after self-healing. The percentage value is the increase in 
the fracture toughness of the mendable composites due to self-healing. The error bars represent one 
standard deviation. 
 
The high repair efficiency of the mendable composites was due to the novel self-healing 
delivery mechanism of EMAA into delamination cracks. The hydroxyl-acid condensation 
reaction which occurs between the EMAA and epoxy phases at elevated temperature 
produces volatiles that form high pressure bubbles within the molten thermoplastic, which 
then forces this material to expand into open cracks [65, 66, 80]. Examination of the 
delamination fracture surfaces of the mendable composites after self-healing revealed a 
highly porous structure in the EMAA phase, as shown in Figure 3-9, which was caused by 
volatiles forming bubbles at the elevated healing temperature.  
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Figure 3-9 Scanning electron microscopy image showing the highly porous structure of EMAA 
caused by bubble formation during thermally activated self-healing. 
 
Experiments were performed to assess the flow and spread of EMAA along a delamination 
crack under the pressure delivery mechanism. Single EMAA fibres of different diameters 
between 0.9 and 3.0 mm were placed orthogonal to the delamination fracture plane in a 
carbon–epoxy composite, heated to 150oC for 30 min (to thermally activate the self-healing 
reaction process), and then cooled to room temperature to measure the spread of self-healing 
agent (as shown schematically in Figure 3-10). The diameters of the EMAA fibres before 
(do) and after (dsh) healing are shown in Table 3-2, and there was a large increase in fibre 
diameter due to flow of EMAA along the delamination crack via the pressure delivery 
mechanism. The test revealed the mendable thermoplastic spread over an area of the 
delamination crack that was 22–27 times greater than the original area occupied by the 
EMAA fibre. The spread ratio was about the same for the different sized EMAA fibres. This 
reveals that the pressure delivery mechanism forces the mendable thermoplastic over a very 
large area of the delamination crack. 
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Figure 3-10 Schematic of the test method used to measure the flow of healing agent from an 
orthogonal EMAA fibre along a delamination crack.  
 
Table 3-2 Spread ratio of EMAA fibres of different diameters over the delamination fracture surface 
in a carbon fibre-epoxy composite. The spread ratio is defined as the increase in the area of EMAA 
due to self-healing. Note that measurements were performed on a [0/90]s carbon-epoxy prepreg 
composite and not the [0/90]s carbon fabric-epoxy composite containing the EMAA fibres or particles. 
Original EMAA Fibre 
Diameter, do (mm) 
Final EMAA 
Diameter, dsh (mm) 
Average EMAA 
Spread Ratio (dsh/do) 
0.93 25.1 27.0 (± 7) 
1.24 32.2 26.0 (± 6) 
1.60 36.0 22.5 (± 9) 
3.00 67.5 22.5 (± 5) 
 
The increase to the interlaminar fracture toughness of the mendable composites after self-
healing (Figure 3-8) [except the 2 ply/50 µm fibre material] was due to the EMAA forming a 
large-scale bridging traction zone along the delamination crack. Figure 3-11 shows the 
delamination crack in a mendable composite before and after healing. Crack bridging was 
absent before healing while after healing the delamination was bridged with ligaments of 
EMAA. The EMAA adhered strongly to the surfaces of the delamination crack due to the 
formation of covalent bonds (via acid-oxirane and/or acid-hydroxyl reactions) and hydrogen 
bonds with the epoxy upon self-healing [66, 80]. This suggests that crack growth propagated 
through the EMAA phase rather than along the EMAA-epoxy interface. The EMAA was 
deformed in tension under increasing crack opening displacement which developed into 
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bridging ligaments that were able to transfer load across the delamination and thereby lower 
the stress at the crack tip, resulting in increased fracture toughness. The crack bridging 
mechanism is shown schematically in Figure 3-12, and the ligaments extended for a distance 
of 10–12 mm behind the delamination front until they broke at high crack opening 
displacement. The formation of bridging ligaments after healing (but not before healing) is 
attributed to the flow of EMAA along the delamination crack during the healing process. 
The EMAA particles (250–425 µm) or fibres (50 or 100 µm) are small/thin and 
discontinuous in their original condition, and therefore cannot withstand the large-strain 
plastic flow required to form crack bridging ligaments. During healing the viscous EMAA 
particles or fibres fuse into a semi-continuous film along the delamination crack plane due to 
their wide-area flow, which enables the thermoplastic to plastically deform over a large 
strain under the crack opening displacement. 
 
    
(a)      ( b) 
Figure 3-11 Scanning electron microscopy images of the delamination crack in a mendable 
composite (a) before self-healing and (b) after self-healing. The insert photograph in (b) shows a 
higher magnification view of the crack bridging ligaments. Note the absence and presence of crack 
bridging ligaments of EMAA before and after healing, respectively. The photograph is for the 
composite containing EMAA particles (15%vol). However, the photograph is representative of all 
healing system (except the 2 ply/50 µm fibre mendable composite). 
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Figure 3-12 Schematic of the crack bridging toughening mechanism in the mendable composites. 
 
The importance of the EMAA bridging traction zone on interlaminar toughening is revealed 
by the change to the R-curve behaviour of the mendable (EMAA particles 15%vol) 
composites after healing. Figure 3-13 shows R-curves for a mendable composite before and 
after self-healing. As mentioned, the R-curve for the composites before healing was 
characterised by spikes and dips due to the slip/stick delamination crack growth process. 
The R-curve for the healed composite rose rapidly over the initial 10–12 mm of crack 
growth and then a quasi-steady state toughness condition was attained for longer crack 
lengths. The large increase in fracture toughness that initially occurred was due to the 
formation of the bridging traction zone. It was observed that when the delamination grew in 
length up to 10–12 mm an increasing number of EMAA bridging ligaments formed behind 
the crack front, and this increased the fracture toughness. When the crack extension distance 
was greater than 10–12 mm it was observed that as new bridging ligaments formed 
immediately behind the delamination front, the ligaments further 10–12 mm behind failed in 
tension due to the high strain generated by the crack opening displacement. This resulted in 
the quasi-steady state crack growth condition observed with the R-curve for the healed 
composite because as new bridging ligaments were formed at the crack tip and equal amount 
of ligaments broke further behind. This is evidence of the importance of the EMAA bridging 
ligaments in controlling the interlaminar toughening of the mendable composites after 
healing. 
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Figure 3-13 R-curves for a mendable (EMAA particles 15%vol) composite in the original condition 
and one healing cycle. The theoretical R-curve for the mendable composite calculated using 
cohesive zone modelling is shown. 
 
The only mendable composite unable to form a large-scale bridging traction zone after self-
healing contained the least amount of EMAA (2 ply/50 µm fibre). The amount of EMAA in 
this composite was sufficient to heal the delamination crack, but it was insufficient to 
increase the fracture toughness after self-healing (Figure 3-8). Fractographic examination of 
this material revealed the absence of a large-scale crack bridging zone after self-healing. It is 
believed that this composite contained an insufficient amount of EMAA to spread over most 
of the delamination and then form bridging ligaments during repeated crack growth after 
healing. Consequently, the fracture toughness was not increased above the original material. 
This reveals that a minimum concentration of EMAA is required for interlaminar 
toughening of the composite following self-healing, which is to be expected. 
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The healing and toughening of the composite using EMAA was a repeatable process. Figure 
3-14 shows the effect of number of healing cycles on the fracture toughness of the mendable 
composites. The toughness increased rapidly with the first healing cycle due to the 
formation of bridging ligaments during delamination crack growth. Within the bounds of 
experimental scatter, the fracture toughness properties remained unchanged or decreased 
slightly with an increasing number of healing cycles. It is speculated that the small reduction 
is attributed to depletion of functional groups in the EMAA and/or epoxy caused by multiple 
condensation reactions [66], which then reduces the number of active sites for rebinding the 
fracture surfaces. Fractographic analysis revealed that bridging ligaments were reformed 
during crack growth with each successive healing cycle (except the 2 ply/50 µm fibre 
mendable composite). For example, Figure 3-15 shows crack bridging in a mendable 
composite after five healing cycles. The multiple healing of cracks in epoxy resin [65] or 
delaminations in carbon-epoxy composite [74] have been reported earlier by Meure and co-
workers. 
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Figure 3-14 Effect of number of healing cycles on the mode I interlaminar fracture toughness (GIc) of 
the mendable composites. The error bars represent on standard deviation. 
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Figure 3-15 EMAA ligaments bridging a delamination crack following five healing cycles. The 
bridging zone is similar to one healing cycle (Figure 3-11(b)). The photograph is for the composite 
containing EMAA particles (15%vol). However, the photograph is representative of all healing system 
(except the 2 ply/50 µm fibre mendable composite).  
 
3.3.2 Cohesive Model of Crack Bridging in Mendable Composites 
The images presented in Figure 3-11b and Figure 3-15 show a discrete crack bridging 
process by EMAA ligaments, with the bridging zone extending up to 10–12 mm behind the 
crack tip. The length of the bridging zone is clearly much greater than the thickness of 
mendable composites, which were in the range of 3.7–5.0 mm. Therefore, the crack bridging 
phenomenon belongs to the class of large-scale crack bridging [81]. Since the dimensions of 
the EMAA ligaments are in the order of 50 µm, the bridging process can be mechanically 
analyzed using a continuum cohesive zone model. 
 
Assuming the closure traction stress generated by the EMAA ligament bridging the 
delamination is described by the linear softening relationship: 
 
2
2
o
o
CG

     2 /C oG    [3-2] 
where σ0, Gc, and δ denote the cohesive strength, fracture toughness of the cohesive zone, 
and separation at the root crack, respectively. The limits to the linear softening condition is 
illustrate in Figure 3-16. The strain energy release rate after a small crack extension (Δa) is 
given by the expression [81]: 
 24
3 3
1
o o
aG G a C
a a
         [3-3] 
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Ʃ, L, and C are the effective stiffness ratio of the spring (i.e. EMAA ligament) to the beam, 
total length of the crack bridging zone, and bending compliance, respectively [81]. The 
cohesive strength σ0 and fracture toughness Gc are related to the tensile strength and 
toughness of the EMAA via the following relationships [70]: 
 ,o EMAA C EMAAA      [3-11] 
 ,o EMAA C EMAAG A G      [3-12] 
with AEMAA denoting the areal effective fraction of EMAA healing material on the crack 
plane. In the present investigation, σc,EMAA = 15 MPa and Gc,EMAA = 2.25 kJ/m2 [82]. The 
calculated R-curve for AEMAA =0.67, which is estimated from SEM images of the bridging 
zone (an example is shown in Figure 3-11) is shown in Figure 3-13. The calculated R-curve 
is in reasonable agreement with the experimental results. This cohesive zone modelling 
supports the conclusion that the formation of EMAA bridging ligaments is important in the 
interlaminar toughening of mendable composites after healing. 
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Figure 3-16 Linear softening condition. 
 
3.3.3 Healing of Fatigue Delamination Cracks 
Figure 3-17 shows the effect of cyclic mode I interlaminar loading on the fatigue crack 
growth rate for the unmodified and EMAA (particles or 4 ply 100 µm mesh) composites in 
their original condition. The fatigue crack growth rate, da/dN, is the average distance of 
delamination crack growth per load cycle. There is significant scatter in the fatigue crack 
growth rate data because the delamination did not always grow at the same rate under a 
constant cyclic stress range, due to the slip/stick nature of the crack growth process. Scatter 
in the fatigue crack growth rate is common for carbon fibre-epoxy composites and other 
types of brittle polymer matrix composites which exhibit to slip/stick delamination 
behaviour [78, 83-86].  
 
Figure 3-17 shows that the unmodified and mendable composites show similar curves with a 
linear log–log relationship between the delamination growth rate and the cyclic strain energy 
release rate range between about 70 and 400 J/m2. The fatigue strain energy release rate 
thresholds for the unmodified and mendable composites were approximately the same (ΔGI 
~ 70 J/m2), below which no crack growth occurred. The maximum cyclic stress intensity 
range to induce rapid delamination crack growth in the three composites was also the same 
(ΔGI ~ 400 J/m2). The similarity in the crack growth rate curves between the unmodified and 
EMAA composites reveals that EMAA particles or filaments in the original condition do not 
significantly change the delamination fracture resistance under fatigue loading. This is 
consistent with the static fracture toughness values which were similar for the unmodified 
and EMAA composites before healing (Figure 3-8). 
σ0
૛ࡳ࡯
࣌૙
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Figure 3-17 Fatigue delamination crack growth curves for the unmodified and mendable composites 
in the original condition. 
 
Figure 3-18 shows the effect of multiple healing cycles on the fatigue crack growth curves 
for the composites containing EMAA particles or fibres. The EMAA was able to heal the 
fatigue crack upon heating the delaminated specimens (150oC for 30 min), and the 
delamination fatigue behavior of the composites following healing was approximately the 
same as the composite before healing over most of the cyclic stress intensity range. These 
results indicate that EMAA is capable of fully restoring the fatigue crack growth resistance 
of the composite. At high cyclic stress ranges (ΔGI >400 J/m2), the healed composites even 
exhibited enhanced fatigue properties; most likely due to the increase in the static fracture 
toughness. The fatigue crack growth curves were similar for the different number of healing 
cycles, and the small loss in static fracture toughness measured after the third healing cycle 
was not observed in the fatigue behaviour. 
 
Fractographic examination of the composites during interlaminar fatigue testing revealed 
that the EMAA bridging zone (that occurred under static loading) did not occur. For 
example, Figure 3-19 shows the delamination fatigue crack in a EMAA composite following 
healing, and there was no evidence of a large-scale bridging zone behind the crack front. A 
very low density of bridging ligaments was observed along the fatigue crack, although these 
were much fewer in number than under static loading and the ligaments failed by transverse 
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adhesive rupture under the cyclic loading. The lack of improvement in the fatigue 
delamination resistance of the composites after healing is therefore attributed to the short 
tensile fatigue life of the EMAA ligaments, which impeded the formation of a large-scale 
bridging zone. Fatigue failure occurred as a cohesive event within the EMAA ligaments, and 
not an interfacial (adhesion) failure event at the interfacial regions between the ligaments 
and composite fracture surfaces. The mechanism responsible for the rapid fatigue failure of 
EMAA ligaments is investigated in Chapter 7. 
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(b) 
Figure 3-18 Fatigue crack growth rate curves for the mendable composites containing (a) EMAA 
particles and (b) EMAA fibres (4 ply, 100 µm diameter) before and after self-healing up to five times.  
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Figure 3-19 Cross-section view of the fatigue delamination crack in a mendable composite. Note the 
absence of a large-scale bridging traction zone. Only two thin bridging ligaments are visible, which 
are circled. The photograph is for the composite containing EMAA particles (15%vol). 
 
3.3.4 Compression After Healing of Impact Induced Delamination Cracks 
An investigation into the healing efficiency of the EMAA particles in carbon/epoxy 
composite after impact loading is presented in this section. Both unmodified and mendable 
composite were impacted at an energy of 10 J. Figure 3-20 shows C-scan ultrasound images 
of the unmodified composite before and after the impact event and after heating at healing 
temperature of 150oC for 30 mins. Ultrasound images for the mendable (EMAA particles 10 
wt%) composite are given in Figure 3-21. 
 
    
(a)    (b)       (c)  
Figure 3-20 C-scan images of unmodified composite (a) before impact, (b) impacted and (c) after 
healing. Note the elliptical damage region from impact loading. The photograph is for the composite 
containing EMAA particles (15%vol). 
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 (a)        (b)         (c) 
Figure 3-21 C-scan images of mendable composite (a) before impact, (b) after impact and (c) after 
healing. Note the damage region from impact loading (circled). The photograph is for the composite 
containing EMAA particles (15%vol). 
 
The maximum damage width and length were used to determine the impact damage area and 
it was found that both control and mendable composites had similar damage area (~580 
mm2). This means that embedding EMAA particles does not provide any significant 
improvement to the impact damage resistance of the composite. This is similar to the EMAA 
not improving the mode I interlaminar fracture toughness and delamination fatigue 
resistance. After healing, it was discovered that there were no significant reduction in the 
impact damage area to the mendable composite. Optical microscopy on the healed mendable 
composite revealed that there was some evidence of EMAA flowing into some of the crack 
(Figure 3-22). However, most of the cracks were not filled with EMAA. This behaviour is 
different compared with the DCB test specimen which showed that EMAA successfully 
flowed into and healed the delamination. However, the delamination in the DCB test 
specimen had a relatively large crack opening displacement compared with the test 
specimen with delaminations caused by impact loading where the cracks are typically less 
than 5 µm wide. Hence, it is expected that EMAA is not effective in flowing into small 
narrow cracks due to the high viscosity of the thermoplastic agent.  
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(a)       (b) 
Figure 3-22 Optical microscopy images of healed mendable composite (a) no EMAA flow into cracks 
(b) EMAA flowed into cracks. The photograph is for the composite containing EMAA particles 
(15%vol). 
 
Figure 3-23 shows the compressive strengths of the control and mendable composites before 
and after impact and healing conditions. The figure shows that for non-impacted test 
specimens, the compressive strength of the unmodified composite is higher than the 
mendable composite by ~26%. The reason for the lower strength of the mendable composite 
is discussed later in Chapter 6. There was no significant difference in the residual 
compressive strength of the unmodified and mendable composites after impact loading and 
healing. This shows that EMAA was not effective in recovering the compressive strength 
loss by impact damage. This is attributed to the inability of EMAA to heal the narrow 
delaminations and matrix cracks caused by impact loading (Figure 3-22). 
 
 
 
EMAA flowed into cracks No EMAA in cracks 
200 µm 200 µm 
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Figure 3-23 Compressive strength of control and mendable composite in before and after impact and 
healed conditions. 
 
3.4 CONCLUSIONS 
The thermoplastic poly[ethylene-co-(methacrylic acid)] is an effective healing agent for 
delamination cracks in carbon–epoxy composites formed under static or fatigue interlaminar 
loading. The addition of EMAA in the form of fibre mesh or particles was ineffective at 
toughening the composite in the original condition and it causes unstable (slip-stick) 
delamination crack growth behaviour. The EMAA was able to heal delamination cracks and 
increase the fracture toughness for the composites once thermally activated. The self-healing 
efficiency increased with the concentration of EMAA agent, and for the highest amount 
used in this study the restored fracture toughness was more than double the original 
toughness of the composite.  
 
EMAA is an effective self-healing agent because it flows over a large area (22–27 times its 
original size) of a delamination crack under the pressure delivery mechanism involving 
high-pressure gas-filled bubbles. Above a threshold concentration, the EMAA formed a 
semi-continuous film along the healed crack which plastically deformed into bridging 
ligaments with repeated mode I delamination crack growth. The EMAA formed a large-
scale bridging traction zone behind the crack front which promoted high interlaminar 
toughness. The EMAA can reform this bridging zone with repeated self-healing and 
therefore the thermoplastic agent was able to repair and maintain high fracture toughness for 
multiple healing cycles. Cohesive zone modelling was able to provide reasonable agreement 
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with the experimental results and support the conclusion that the EMAA bridging ligaments 
are important in the interlaminar toughening of mendable composites after healing.  
 
While EMAA promoted high healing efficiency under static interlaminar loading, it was less 
effective under fatigue loading. Nevertheless, the EMAA was able to fully restore the 
fatigue resistance of delamination cracks. The fatigue crack growth (Paris) curves were 
similar before and after multiple healing cycles, and this is attributed to the inability of the 
EMAA to form a large-scale bridging traction zone under cyclic loading, which occurs 
under static loading.  
 
Preliminary study on healing of impact damage with EMAA particles showed it was 
ineffective in healing delaminations and matrix crack and recovering the residual 
compression strength of the composite. This is attributed to the ineffectiveness of the 
EMAA to flow into small narrow cracks due to its high viscosity. 
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CHAPTER 4:  
ULTRASONIC ACTIVATION OF MENDABLE THERMOPLASTIC FOR 
SELF-HEALING OF CARBON-EPOXY COMPOSITES 
 
Abstract 
Healing of matrix or delamination cracks in fibre-reinforced composites containing 
mendable thermoplastic requires heating to melt the mending agent. This chapter presents 
the first investigation into the use of ultrasonic welding to activate a mendable polymer, 
poly[ethylene-co-(methacrylic acid)] (EMAA), for healing of carbon–epoxy composites. 
Mode I interlaminar fracture toughness tests were carried out on specimens containing two 
different concentration levels of interlaced EMAA fibres to quantify the healing efficiency 
of ultrasonic vibration-induced welding. Experimental results reveal that bursts of short-
duration, high frequency ultrasonic pulses are able to thermally activate the mendable 
polymer to repair delamination cracks. Examination of the fracture surfaces indicates partial 
healing of delamination cracks, although it was sufficient to completely recover 
delamination toughness (repair efficiency up to 130%). Furthermore, multiple repairs and 
recoveries of interlaminar fracture toughness of the composite were achieved with ultrasonic 
welding. The repair efficiency using ultrasonic welding, however, was found to be less than 
conventional heating by thermal oven. Nevertheless, the ultrasonic welding technique is 
portable and can be used for rapid in-field repair of composite structures containing 
mendable polymers such as EMAA. 
 
Note that the research work in this chapter was performed in collaboration with Mr.K. 
Hargou, who was a research intern at RMIT. 
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4.1 INTRODUCTION 
Research by Meure et al [74] and work presented in Chapter 3 show that EMAA is an 
effective repair agent for epoxy based composites. However, the healing process must be 
activated by heating to an elevated temperature (~150oC) for a long period of time (often for 
30 min or longer) using an oven or heating blanket. A need exists for a more rapid and 
portable healing method that could be used for the field repair of damaged epoxy matrix 
composites employed in engineering structures. One interesting method is ultrasonic 
welding, which is capable of rapidly heating composite materials as the high frequency 
acoustic waves can generate heat by viscoelastic hysteresis deformation of the polymer 
phase and interfacial friction between crack faces. Ultrasonic welding has been used 
extensively for the rapid joining of thermoplastics and, to a lesser extent, thermoset 
polymers [87, 88], however this technique so far has not been considered for the activation 
of mendable polymers in the healing of composite materials. 
 
This chapter investigates the feasibility of ultrasonic welding to activate mendable carbon 
fibre–epoxy composites containing EMAA. Single and multiple repairs of delamination 
cracks in mendable composites containing low (2 EMAA meshes per ply interface) or high 
(4 EMAA meshes per ply interface) concentrations of EMAA are studied using the 
ultrasonic welding method. Microscopic examination has been carried out to determine the 
mechanisms responsible for the ultrasonic healing of delamination cracks. For comparison, 
the repair efficiency of the ultrasonic welding process is assessed against the conventional 
oven heating process. 
 
4.2 MATERIALS AND RESEARCH METHODOLOGY 
4.2.1. Mendable Carbon Fibre-Epoxy Composites 
To assess the efficiency of ultrasonic welding in thermally-activating the healing process, a 
woven carbon fibre–epoxy composite with two different concentrations of EMAA were 
manufactured using the wet lay-up technique. The epoxy resin was produced from a 100:13 
weight ratio mixture of DGEBA resin and TETA hardener. Details of the supplier for the 
DGEBA, TETA, EMAA or woven carbon fabric are given in Chapter3. 
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Two types of mendable composites, containing 20-plies of 200 g/m2 plain woven carbon 
fabric, containing different amounts of the EMAA mesh were fabricated. One composite 
was produced with two meshes located between the two middle plies and between the two 
neighbouring plies [74], as illustrated in Figure 4-1. The equivalent weight percentage of 
EMAA in this type of composite is approximately 5%. The other mendable composite 
contained four meshes between the same plies; the weight ratio of EMAA is about 10%. The 
percentage area of the interface region between the ply layers containing EMAA was 10% 
for the 2 meshes and 20% for the 4 meshes. The EMAA meshes were located along and 
close to the mid-plane of the composites because this was the region of delamination crack 
growth in the interlaminar fracture toughness test used to measure the repair efficiency. In 
addition, an unmodified carbon–epoxy composite was fabricated as the control material to 
benchmark the repair efficiency of EMAA. The unmodified composite (without EMAA 
meshes) was fabricated under identical conditions to the mendable materials. The epoxy 
resin content, thickness and other physical properties of the unmodified and mendable 
composites are given in Table 4-1. The glass transition temperature of the epoxy matrix in 
the fully-cured composites was 118oC, as measured using differential scanning calorimetry. 
 
 
Figure 4-1 Schematic showing the locations of the EMAA mesh between the ply layers of the carbon-
epoxy composite. The interfacial ply locations contained two or four mesh layers. The plies from 1 
(upper surface) to 6 and the plies from 13 to 20 (bottom surface) are not shown. 
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Table 4-1 Physical properties of the unmodified and mendable composites. 
Sample 
labels (five 
samples 
each) 
Number of 
EMAA 
meshes between 
adjacent plies 
EMAA 
mesh 
thickness 
(mm) 
EMAA 
content 
(gsm/ply) 
Areal 
percentage 
of EMAA 
Control composite 0 N/A 0 0 
High density 
EMAA 
4 0.15 25 20 
Low density 
EMAA 
2 0.15 17 10 
 
4.2.2. Ultrasonic Healing 
Self-healing of the carbon–epoxy composites containing low or high concentrations of 
EMAA was performed using an acoustic welder (Branson Ultrasonics Corporation) operated 
at a constant frequency of 20 kHz and power of 1.1 kW (Figure 4-2). The welder was hand 
held and the pressure applied by the operator together with the self-weight of the welding 
device was measured to be 60 kPa over contact area between the welder and composite 
sample. A schematic of the welding process is shown in Figure 4-2. The steel head of the 
welding device, which was 25 mm by 25 mm, was pressed against the mendable composite 
and then a pulse of ultrasonic energy was transmitted from the device into the material. 
Figure 4-3 shows the temperature–time profiles measured using thermocouples at the mid-
plane of a composite for two nominally identical welding tests. The composite was heated to 
the target repair temperature of 150oC within four seconds using the ultrasonic welder. 
However, maintaining a constant temperature of 150oC for a long period of time was 
difficult because the welding device was manually operated. It is expected that numerical 
control of the welding device will improve the consistency of the repair temperature. Due to 
the above noted limitations of manually pressing the welder on to the composites, healing 
using the ultrasonic device was carried out for a total period of 30 s. The ultrasonic welding 
device was moved along the length of the composite, commencing from the delamination tip 
and moving along to the crack wake. 
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(a) 
 
 
(b) 
Figure 4-2 (a) Acoustic welder (b) schematic illustration of the ultrasonic welding process used to 
repair the composites which were in the form of DCB specimens. 
Controller 
 Welder probe 
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Figure 4-3 Two examples of the measured temperature at the mid-plane of a mendable composite 
during ultrasonic welding. The target repair temperature for repair using EMAA was 150oC. The 
graph is for the composite containing EMAA mesh (4 ply 100 µm). However, the graph is 
representative of all healing system. 
 
The temperature through-the-thickness of the composite during ultrasonic welding was 
measured by attaching thermocouples on the top surface, mid plane (delamination location) 
and bottom surface. It is also worth noting that the temperature through-the-thickness was 
not exactly constant because of the relatively low thermal conductivity of carbon fibre–
epoxy [89]. The temperature was highest immediately beneath of the ultrasonic welder, was 
about 150oC at the mid-plane of the composite where the EMAA was located, and lowest at 
the back surface of the material, as illustrated in Figure 4-4. The temperature difference 
between the front and back surfaces of the composite was measured to be approximately 
10oC. This temperature difference will increase as the specimen thickness increases. 
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Figure 4-4 Schematic of the temperature profile through-the-thickness of a DCB specimen during 
ultrasonic welding. 
 
4.2.3. Interlaminar Fracture Toughness Testing and Self-healing 
The mode I interlaminar fracture toughness of the unmodified and mendable composites was 
measured using the double cantilever beam (DCB) test in close accordance to ASTM 
D5528-1 specifications. Details of the fracture test procedure are given in Chapter 3. Some 
typical load–displacement curves for samples healed using oven-heating and ultrasonic-
heating are presented in Figure 4-5. Using these load–displacement data, the mode I 
interlaminar fracture toughness, GIc, was calculated using the modified beam theory 
described in Chapter 3. 
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(a)       (b) 
Figure 4-5 Typical load–displacement curves for mendable composites healed by (a) oven heating 
and (b) ultrasonic welding. The graphs are for the composite containing EMAA mesh (4 ply 100 µm). 
However, the graphs are representative of all healing system. 
 
The mode I interlaminar fracture toughness of the composites were determined in their 
original (as-manufactured) condition. After delamination cracking of the mendable 
composites, the ultrasonic welder was used to heal the DCB specimens and then they were 
re-tested under identical conditions to determine the repair efficiency, which is defined as 
the ratio between the steady-state interlaminar fracture energy values of the composite after 
repair (GRepair) compared to before healing (G0). The ultrasonic healing and DCB testing 
were repeated five times to assess the multiple healing capabilities. Five samples were tested 
for each of the three materials: unmodified composite, composite embedded with two 
EMAA meshes between plies, and composite embedded with four EMAA meshes between 
plies. 
 
4.3 RESULTS AND DISCUSSION 
The delamination toughness of the carbon–epoxy composite was not affected by the EMAA 
when in the original (as-manufactured) condition. Figure 4-6 compares the mode I 
interlaminar fracture toughness values of the unmodified and mendable composites in their 
as-manufactured conditions: without EMAA, low EMAA content (two meshes per ply) and 
high EMAA content (four meshes per ply). The average and standard deviation values are 
based on the results obtained from five coupons tested under identical conditions. The 
EMAA did not alter the delamination resistance (within the bounds of experimental scatter). 
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The addition of second phase thermoplastic particles to a low toughness thermoset polymer 
matrix (such as epoxy resin) is a common toughening method, although in this study it was 
found that EMAA filaments in their original condition do not produce noticeable 
toughening. 
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Figure 4-6 Delamination fracture toughness of the unmodified and mendable composites in the 
original conditions. The error bars represent on standard deviation. 
 
Examination of the DCB fracture surfaces of the mendable composites (in the as-
manufactured condition) revealed that the delamination crack did not propagate through the 
EMAA phase, which has higher fracture toughness (GEMAA ~2.25 kJ/m2 [82]) than the epoxy 
resin (Gepoxy ~0.2 kJ/m2 [82]). Instead, the crack front propagated along the interfacial region 
between the epoxy resin and EMAA filaments. Meure et al. [65, 74] reported that tertiary 
amine groups in the epoxy catalysed  the reaction between the hydroxyl group in the epoxy 
and acid group in the EMAA at the temperature used to post-cure the composites (150oC), 
and this covalent bonding provides the source of the volatiles necessary for healing. The 
non-covalent reactions, such as hydrogen bonds and van der Waals forces, provide the 
adhesion between the epoxy and EMAA phases. This bonding is expected to promote 
interfacial adhesion between the two phases without any substantial change to the filament 
structure. The similar fracture toughness values measured for the unmodified and mendable 
composites (as shown in Figure 4-6) suggests that the reaction process results in the fracture 
toughness of the interfacial region between the epoxy and EMAA phases being close to the 
toughness of the epoxy resin alone. 
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Repair of the mendable composites using ultrasonic welding resulted in partial healing of the 
delamination crack and recovery of the mode I interlaminar fracture toughness. Figure 4-7 
shows the delamination fracture toughness and repair efficiency values for the mendable 
composites after one repair cycle. Ultrasonic welding resulted in repair efficiencies of about 
80% and 135% for the mendable composites containing low and high levels of EMAA, 
respectively. This reveals that, at these concentration levels of EMAA, short-duration 
ultrasonic welding is capable of partially or more than completely restoring the delamination 
toughness. It is worth noting that ultrasonic welding was unable to repair the unmodified 
composite without EMAA. It may be expected that residual (unreacted) functional groups in 
the epoxy after curing would react during the welding process to partially heal the 
delamination crack. However, this contribution to the interlaminar fracture toughness of the 
unmodified composite after welding was negligible. Figure 4-7 also shows the interlaminar 
fracture toughness values of the composites following healing by oven heating at 150oC for 
30 min. Activating the repair process under this heating condition achieves a much higher 
repair efficiency and ultrasonic welding was only capable of reaching ~50% of this optimum 
level, albeit in much less time (30 s as opposed to 30 min). 
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Figure 4-7 Delamination fracture toughness of the mendable composites following one repair cycle 
using ultrasonic welding (~150oC for 30 s) or oven heating (150oC for 30 min). The percentage 
values are the average repair efficiencies. The error bars represent on standard deviation. 
 
Figure 4-8 shows the effect of number of repair cycles using ultrasonic welding on the mode 
I interlaminar fracture toughness of the composite with the high EMAA concentration. Each 
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repair cycle involved welding the delaminated DCB specimen for 30 s and then measuring 
the restored interlaminar toughness by repeating the DCB test. It proved possible to repair 
the composite multiple times using ultrasonic welding (at least up to five times), although 
the repair efficiency decreased progressively with each repair. This reduction is attributed to 
the gradual depletion of reactive functional groups in the epoxy and EMAA phases close to 
the interfacial region where the condensation reaction occurs. Meure et al. [65] report that 
the concentrations of reactive groups in the epoxy and acid groups in the EMAA reduce with 
increasing reaction time which may lower the healing efficiency. Figure 4-8  includes the 
effect of number of repair cycles by oven heating (150oC for 30 min each) on the 
interlaminar fracture toughness, and similar to Figure 4-7 the repair efficiency was higher 
than for the welding process. 
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Figure 4-8 Effect of number of repair cycles on the mode I interlaminar fracture toughness of the 
composite with the high EMAA concentration repaired by ultrasonic welding or oven heating. The 
percentage values are the average repair efficiencies. The error bars represent on standard 
deviation. 
 
The results presented in Figure 4-7 and 4-8 clearly show that ultrasonic welding can 
partially or more than fully restore the mode I fracture toughness of the composite, although 
the repair efficiency is inferior to oven heating. The lower repair efficiency of ultrasonic 
welding is attributed to two factors: time-dependency of the condensation reaction process 
between the epoxy and EMAA and the time-dependency of flow of EMAA along the 
delamination crack. Fractographic examination of the composites after ultrasonic welding 
revealed that the EMAA had transformed from solid to porous filaments, as shown for 
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example in Figure 4-9. The porosity is evidence that the temperature generated in the 
composites by welding was sufficient to activate the condensation reaction between the 
epoxy and EMAA phases that then resulted in the formation of gas-filled pores within the 
filaments. However, the volume fraction and size of the pores in the EMAA generated by 
ultrasonic welding was much less than by oven heating (Figure 4-9b). This difference is 
attributed to less time being available during welding for the reaction process to generate 
volatiles and less time for these volatiles to then diffuse from the epoxy-EMAA interface 
(where the reaction occurs) into the filaments where the volatiles must coalesce to create the 
pores. These time-dependent processes are important factors in the rapid ultrasonic welding 
process being less effective than the long-duration oven heating. 
 
 
(a) 
 
(b) 
Figure 4-9 (a) Delamination fracture surface of a composite at different magnifications (from left to 
right: 100x – 1000x – 10,000x) after ultrasonic welding. The magnified region showing an EMAA 
filament, and there is evidence of porosity (right side) due to volatile formation. (b) Porous structure 
in the EMAA phase following oven heating. 
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Another important factor limiting the repair efficiency of the ultrasonic welding process is 
the time-dependent flow of EMAA into the delamination crack under the pressure delivery 
mechanism. The repair process is reliant on EMAA being able to infiltrate as much of the 
delamination crack as possible to ensure high healing efficiency. Examination of the fracture 
surfaces after welding revealed that the original mesh pattern of the EMAA filaments was 
retained and there were many areas devoid of the healing agent, as shown in Figure 4-10. 
This shows that the welding process did not completely dissolve the mesh by wide-area flow 
of EMAA into the delamination crack. It is crucial for successful repair that a large 
percentage of the damaged region is filled with EMAA during ultrasonic welding to achieve 
the high repair efficiency gained by oven heating. 
 
To characterise the flow of EMAA during healing, two experiments were carried out. In the 
first experiment, an EMAA filament (diameter = 100 µm) was laid on the fracture surface of 
the carbon–epoxy composite and then a glass slide was placed on top. A schematic of the 
test configuration is shown in Figure 4-11. The surface of the glass slide was cleaned with 
MEK and distilled water to facilitate complete wetting by EMAA. In the second experiment 
an EMAA filament (diameter = 100 µm) was sandwiched between two glass slides, which 
were cleaned by MEK and distilled water. The assembled coupons were heated in a 
convection oven at the healing temperature of 150oC. In both experiments no pressure was 
applied and the coupons were kept level, so that the flow of EMAA would be entirely self-
propelled by a combination of capillary pressure and the water vapour pressure resulting 
from the condensation reactions between the epoxy matrix and EMAA. Figure 4-11b shows 
optical micrographs of the expansion of the EMAA filament between the glass slide and 
composite substrate with increasing heating time. The filament widths are plotted against 
heating time in Figure 4-12. It is clear that the EMAA filament, sandwiched between two 
glass slides, expanded to about twice its initial size within the initial 50–60 s and then no 
further expansion occurred with longer heating times. By contrast, the EMAA filament 
sandwiched between the carbon–epoxy composite and glass slide expanded rapidly within 
the initial 2–3 min, during which period the filament tripled its width. After about 10 min, 
the EMAA expanded to nearly four times its initial size, or twice the size reached between 
glass slides. The increase in the width of the EMAA filament is increased due to both the 
wetting process and the pressure delivery mechanism when the EMAA is sandwiched 
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between glass slide and epoxy. However, when EMAA is sandwiched between glass slides, 
the EMAA can only expand due to the wetting process. It is worth noting that even though 
water could be adsorbed onto the glass slide, volatile diffusion mechanism cannot occur (in 
the case of EMAA sandwiched between glass slides) since the reaction to create this 
pressure delivery mechanism comes from the EMAA reacting with the epoxy. 
 
   
(a)     (b) 
 
 
(c) 
Figure 4-10 Delamination fracture surface of a mendable composite (a) as-manufactured (no 
healing) and (b) after oven healing and (c) after ultrasonic healing. The original grid pattern of the 
EMAA filament mesh is retained and there are large areas devoid of the healing agent in (c). 
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(a) 
 
 
(b) 
Figure 4-11 Expansion of EMAA filament at 150oC: (a) experimental set-up (not to scale) and (b) 
optical images (magnification 20x) of EMAA filaments on the fracture surface of the carbon–epoxy 
composite, covered by a glass slide. 
 
 
Figure 4-12 The width of EMAA filaments with time when sandwiched between the carbon–epoxy 
composite and a glass slide, and between two glass slides. 
 
CHAPTER 4 
ULTRASONIC ACTIVATION OF MENDABLE THERMOPLASTIC FOR SELF-HEALING OF CARBON-EPOXY COMPOSITES 
 
KHOMKRIT PINGKARAWAT          
      85  
 
The expansion of the EMAA filament between two glass slides was the result of capillary 
pressure. The flow of a viscous fluid between parallel plates, as illustrated in Figure 4-13a, 
under capillary pressure is described by the following relationship [70, 90]: 
 ( ) cos ( )  
3
h t tL t  

   [4-1] 
where h(t), γ, θ and µ denote the gap height at a given time, the surface tension of melt 
EMAA, the wetting contact angle between EMAA and the substrate, and the viscosity of 
EMAA, respectively. Since there was no chemical reaction between the EMAA and glass 
slides, the volume of the EMAA filament remained unchanged as it expanded laterally. In 
this case, the gap height h(t) is related to the filament width L(t) via the following 
relationship: 
 
4
( ) ( )
4
dh t L t   [4-2] 
So the gap height decreases as EMAA expands. The width of the filament is: 
 
2
1/3( ) [ ]
12
d t cosL t   

   [4-3] 
which describes the initial phase of the expansion presented in Figure 4-12. As the 
expansion of the EMAA progresses, the gap width (h) decreases until it becomes 
comparable to the surface unevenness or flatness of the glass slides and the composite. 
Detailed analysis of this phenomenon is beyond the scope of this study and hence will not be 
pursued further. 
 
  
(a)     (b) 
Figure 4-13 Flow mechanism of EMAA filament between a narrow gap: (a) flow between glass slides 
and (b) flow between carbon–epoxy composite and glass slide showing the presence of gas bubbles. 
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In the case of EMAA filament sandwiched between the carbon-epoxy composite and a glass 
slide, the results shown in Figure 4-12 confirm that the flow of EMAA is greatly aided by 
water vapour generated via the condensation reactions between the epoxy and thermoplastic, 
as illustrated in Figure 4-13b. Assuming the minimum gap height between the composite 
and glass slide is the same as that between two glass slides, the present experimental data 
suggest that the reaction between EMAA and the composite causes a volume expansion 
close to 100%, which seems to be consistent with the observations from the SEM images 
shown in Figure 4-9b.  
 
The filament expansion results presented in Figure 4-12 also indicate that the ultrasonic 
healing period of 30 s, which has been chosen because of the difficulty of the manual 
operation in maintaining contact between the ultrasonic welder and composite, can achieve 
partial coverage of delamination surface by EMAA. Recent studies Wang et al. [70] on the 
use of discrete EMAA patches for the toughening and healing of fibre composites have 
found that healing efficiency depends directly on the surface coverage of EMAA. Therefore, 
the main reason for the lower healing efficiency of ultrasonic welding (30 s) compared to 
oven heating (30 min) can be attributed to the shorter healing time. It is expected that higher 
healing efficiency will be possible by extending the ultrasonic excitation duration, which 
may be a fruitful area of future research. 
 
4.4 CONCLUSIONS 
This chapter has demonstrated for the first time that ultrasonic welding can be used for the 
rapid repair of delamination cracks in mendable carbon fibre–epoxy composites containing 
the thermoplastic poly[ethylene-co-(methacrylic acid)] as the healing agent. Ultrasonic 
vibrations can generate the required temperature (~150oC) needed to activate the reaction 
process between the epoxy matrix and EMAA phase, which is necessary to force molten 
healing agent into delamination cracks under the pressure delivery mechanism involving 
gas-filled bubbles. A short duration pulse of ultrasonic energy is sufficient to partially repair 
the delamination damage and to achieve partial or more than complete recovery of the mode 
I interlaminar fracture toughness of the composite, depending on the concentration level of 
EMAA. The repair efficiency increases with the amount of EMAA in the composite, and at 
the highest concentration studied (20% areal density of ply interface) the fracture toughness 
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of the composite repaired by ultrasonic welding was more than 30% higher than the original 
toughness. Furthermore, ultrasonic welding can be used to undertake multiple repairs of 
delamination cracks, albeit with a gradual loss in healing efficiency with each repair cycle. 
The research has proven that the ultrasonic vibration process could be used for rapid repair 
of epoxy matrix composites containing EMAA; the repair efficiency varies with the healing 
duration as the process of volatile generation and the flow of healing agent into the damaged 
region is time dependent. 
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CHAPTER 5:  
HEALING OF CARBON-FIBRE COMPOSITES USING ALTERNATIVE 
THERMOPLASTIC AGENTS 
 
Abstract 
The previous research chapters have focused on the healing of carbon-epoxy composites 
using EMAA. This chapter broadens the research by assessing the healing efficiency and 
healing mechanisms of selected insoluble thermoplastics blended into epoxy resin and 
carbon fibre–epoxy composite. The capacity of a reactive thermoplastic additive similar to 
EMAA - polyethylene-co-glycidyl methacrylate (PEGMA) and two non-reactive 
thermoplastics - ethylene vinyl acetate (EVA) and acrylonitrile butadiene styrene (ABS) - to 
heal cracks in the epoxy resin network and heal delaminations in carbon–epoxy composite is 
determined. It was discovered the thermoplastics were able to partially repair the fractured 
epoxy, although different healing mechanisms were operative. The thermoplastics (except 
ABS) were partially or completely effective in restoring the mode I interlaminar fracture 
toughness and fatigue resistance of delaminated composites. The healing efficiency of the 
thermoplastics, defined by the percentage recovery to the interlaminar fracture toughness of 
the composite, increased in the order: ABS (lowest), PEGMA, EVA and EMAA (highest). 
Healing by the reactive EMAA and PEGMA thermoplastics involves a unique pressure 
delivery mechanism whereas healing by the non-reactive EVA is controlled by its viscosity 
and adhesion to the fracture surfaces. ABS was ineffective as a healing agent in the 
composite due to its high viscosity which impeded flow into the delamination crack. This 
chapter provides new insights into several properties required by thermoplastics to be 
effective healing agents in epoxy matrix composites. 
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Some of the research presented in this chapter was undertaken with T. Bhat, who was a 
RMIT research intern at the time the work was undertaken. 
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5.1 INTRODUCTION 
The previous research chapters have shown that EMAA is effective in the healing of carbon-
epoxy composites. Given the wide family of commercially available thermoplastics, it is 
worth considering that other immiscible thermoplastic additives may also be effective 
healing agents, regardless of whether or not the pressure delivery mechanism may operate.  
This chapter contains an assessment of several alternative thermoplastics: poly(ethylene-co-
glycidyl) methacrylate (PEGMA), ethylene vinyl acetate (EVA), and acrylonitrile butadiene 
styrene (ABS). EVA and ABS were selected as two examples of non-reactive 
thermoplastics, while PEGMA was chosen as an example of a reactive thermoplastic 
capable of chemically interacting with the epoxy matrix. ABS does have pendant 
functionality from maleic anhydride and cyanate groups, although the reaction with cured 
epoxy resin is expected to be much less pronounced than with PEGMA and EMAA.  
 
Varley et al. [75] recently investigate the healing efficiency of some of these alternative 
thermoplastics in epoxy resin systems. The pressure delivery mechanism was evident for 
some systems, but viscosity, elastomeric behaviour in the melt, and subsequent adhesion to 
the fracture surfaces also played important roles in determining the level of healing. 
In this study, healing of delaminations in carbon-epoxy composite caused by mode I static 
and fatigue interlaminar loading was determined using the double cantilever beam (DCB) 
test performed under monotonic and cyclic loading conditions. Scanning electron 
microscopy (SEM) was used to examine the fracture surfaces and the propagation of the 
crack after healing to compare and identify the key factors controlling the healing efficiency. 
The results are compared with previously reported healing of the neat resin and rheological 
studies of the thermoplastic healing agents [75].  
 
5.2 MATERIALS AND RESEARCH METHODOLOGY 
5.2.1 Mendable Epoxy-Based Material and Carbon Fibre-Epoxy Composites 
The epoxy resin used in this study was diglycidyl ether of bisphenol A (DGEBA, D.E.R 331 
from Dow Chemical Company, USA), and it was cured using triethylenetetramine (TETA, 
DEH24 from Dow Plastics, Australia). The thermoplastics used were poly(ethylene-co-
glycidyl) methacrylate (PEGMA, Sigma-Aldrich, Australia), ethylene vinyl acetate (EVA, 
Evathene UE633, USI), and acrylonitrile butadiene styrene (ABS, Lanxess LN 250, Lanxess 
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Germany). For comparison, EMAA (Nucrel 2940, Dupont Packing and Industrial Polymers, 
United States) was also investigated. Prior to use, the thermoplastics were cryogenically 
ground and sieved to ensure that the particles were all within a similar particle size range of 
149 to 295 µm. 
 
Modified epoxy resins were prepared by blending one of the four thermoplastics into the 
DEGBA using a propeller blade rotating at 300 rpm for 30 min at 65oC on a hot plate. The 
blended mixture was then degassed for 25 min in a vacuum oven at 50oC, allowed to cool to 
room temperature, followed by addition of the hardener at a 100 to 13 ratio of DGEBA to 
TETA to produce a 1 : 1 stoichiometric network. All thermoplastics remained immiscible in 
the epoxy network throughout the cure and appeared uniformly dispersed as determined by 
microscopic analysis. 
 
Modified epoxy samples (without carbon fibre reinforcement) containing 10 wt% of the 
thermoplastics were prepared by pouring the blends into silicone moulds for single edge-
notched beam (SENB) testing and were cured at room temperature (23oC) for about 15 h and 
then post-cured at 50oC for 90 min followed by 150oC for 30 min. In addition, unmodified 
epoxy (without thermoplastic) SENB samples were made as the control material. 
 
Carbon fibre composites were made using unmodified epoxy or epoxy modified with 10 
wt% of EMAA, PEGMA, EVA or ABS particles. The composites were made by wet hand 
lay-up using ten plies of 200 g/m2 plain woven carbon fabric (ARR Reinforcements Limited, 
United Kingdom) impregnated with the unmodified or thermoplastic modified epoxy. The 
fabric was arranged in a cross-ply ([0/90]) pattern in the composite. Following lay-up, the 
composites were cured and consolidated at 70oC and 2 MPa for one hour in a platen press 
and then post-cured at 150oC for 30 min. The final thickness and carbon fibre content of the 
composites are given in Table 5-1. The thermoplastic additive increased the thickness which 
in turn reduced the fibre content of the composite. However, the interlaminar fracture 
toughness of composite materials is weakly dependent on fibre content and independent of 
thickness over the range given in the table, and therefore comparisons between materials are 
valid. 
 
CHAPTER 5 
HEALING OF CARBON-FIBRE COMPOSITES USING ALTERNATIVE THERMOPLASTIC AGENTS 
 
KHOMKRIT PINGKARAWAT          
      92  
Table 5-1 Physical and thermal properties of the composite materials. 
Composite Thickness (mm) 
Carbon Fibre Volume 
Content (%) 
Glass Transition 
Temperature, Tg (oC) 
Unmodified epoxy 
PEGMA 
EMAA 
EVA 
ABS 
2.05 
2.17 
2.35 
2.27 
2.42 
64 
51 
54 
55 
51 
90 
83 
97 
97 
92 
 
Table 5-1 also gives the glass transition temperatures (Tg) for the unmodified epoxy and the 
epoxy containing 10 wt% of thermoplastic additive. The glass transition temperature (Tg) 
was determined from the peak dynamic modulus (E0) using DMTA (Pyris Diamond SII 
DMA, Perkin Elmer Instruments) whereby composite samples were deformed in the 
bending mode at a frequency of 1 Hz over the temperature range of 30oC to 200oC at a 
heating rate of 2 oC/min. While the effect of thermoplastic addition on the glass transition 
temperature (Tg) was variable, both increasing and decreasing modestly compared with the 
unmodified composite, the Tg was well below the temperature used for healing (150oC). 
 
5.2.2 SENB Testing and Healing of Epoxy-Based Materials 
The healing efficiencies of the unmodified and thermoplastic modified epoxies were 
determined at room temperature using the three-point SENB test in accordance to ASTM 
D5045 specifications. The SENB specimen was 50 mm long, 10 mm wide and 5 mm thick. 
A 3 mm notch was machined into the samples and then a pre-crack was formed at the notch 
base using a sharp razor blade. The samples were loaded in three point bending using a 
support span of 40 mm and loading speed of 165 µm/s. The maximum load required to 
fracture the sample was recorded. Following testing, the fractured epoxy samples were 
healed at 150oC for 30 min. At this temperature the thermoplastic particles are molten 
whereas the epoxy network (despite being above its glass transition temperature) remains a 
solid network. The samples were healed by securing them in a three-sided open-ended steel 
fixture where they fitted comfortably, but were sufficiently constrained such that the two 
fracture surfaces could be placed together such that movement was prevented if a modest 
amount of pressure was applied to one end of the sample. This pressure was applied to each 
SENB sample individually and in a manner that ensured intimate contact without any 
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sample deformation or complete crack closure. After elevated temperature healing, the 
samples were cooled to room temperature and the recovery to the maximum fracture load 
was measured by repeating the SENB test. The percentage recovery to the fracture load was 
used to quantify the healing efficiency of the thermoplastic agent. At least five SENB 
samples of the unmodified epoxy and each type of thermoplastic modified epoxy were tested 
to determine the variability in the load recovery values. 
 
The viscosity of the thermoplastics was determined using an ARES TA strain-controlled 
rheology instrument operated in the parallel plate configuration. The diameter and spacing 
of the plates was 20 mm and 1 mm, respectively. A stepped isotherm frequency sweep 
method was used ranging from 0.1 to 100 rad/s taking three points per decade spaced 
linearly at a strain of 10%. The temperature was stepped at 5oC intervals with a waiting 
period of 300 s prior to continued measurement starting from 195oC reducing to 100oC. The 
effect of temperature on the viscosity of the thermoplastics is shown in Figure 5-1. At the 
healing temperature of 150oC, the viscosity decreases over four orders of magnitude in the 
order: ABS (highest), EMAA, PEGMA, EVA (lowest). 
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Figure 5-1 Effect of temperature on the complex viscosity of the thermoplastics. 
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5.2.3 Static and Fatigue Interlaminar Fracture Toughness Testing and Self-
Healing of Carbon Fibre-Epoxy Composites 
The efficacy of the thermoplastic agents in the healing of delamination cracks in carbon–
epoxy composite was determined using the double cantilever beam (DCB) test. The DCB 
sample dimensions and test procedure was the same as that described in detail in Chapter 3. 
After DCB testing, the delaminated samples were healed at 150oC for 30 min (which is the 
same condition used to heal the cracked SENB epoxy samples). Light pressure (25 kPa) was 
applied to the DCB samples to ensure the delamination crack faces were in contact during 
healing. The mode I interlaminar fracture toughness of the healed composites was then 
determined by repeating the DCB test. Healing efficiency was quantified by the percentage 
recovery to the fracture toughness of the composite material. Three DCB samples of the 
unmodified and modified epoxy composites were tested. 
 
The healing efficiency of the thermoplastic agents in the composite material was also 
determined for fatigue-induced delamination cracks. The fatigue test is described in Chapter 
3. After fatigue testing, the composites were heated to 150oC for 30 min to induce healing. 
The fatigue test was repeated on the healed sample, and the recovery of the Paris curve was 
used to quantify the efficacy of the thermoplastic agents in healing fatigue-induced 
delamination cracks. 
 
5.3 RESULTS AND DISCUSSION 
5.3.1 Healing Properties of Thermoplastic Modified Epoxy 
The maximum fracture load values measured for the unmodified epoxy and thermoplastic 
modified epoxy networks before and after healing are given in Table 5-2. The fracture load 
was the maximum force applied to the SENB sample to fracture the epoxy. Incorporation of 
ductile particles at low volume contents often increases the fracture load of brittle polymers 
such as epoxies (e.g. [91, 92]). However, the results prior to healing shown in Table 5-2 
show a somewhat varied effect. The EMAA and ABS both produce significant increases in 
fracture load, while the PEGMA and EVA show a reduction in fracture load. Healing 
efficiency values (ηe) for the thermoplastics are also given in Table 5-2, which is defined by 
the percentage recovery to the fracture load after healing (Ph) relative to the original fracture 
load of the unmodified epoxy (Po).  
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The unmodified epoxy produces a small recovery (12%) to its fracture load following 
heating at the healing temperature (150oC for 30 min). This is attributed to residual 
functional groups within the epoxy network undergoing continued cross-linking reactions 
across the crack plane at elevated temperature. In any cured epoxy network there will be 
some unreacted epoxy groups available after cure, while hydroxyl, secondary and tertiary 
amine groups are formed during cure. Given sufficient thermal energy, as appears to be the 
case here, the hydroxyl or secondary amine groups would have the potential to react with 
any remaining epoxy groups, particularly in the presence of tertiary amine. This continued 
epoxy reaction, despite being a minor contribution, would likely be expected to increase the 
level of healing of all systems somewhat and is thus the mechanism operating in the 
unmodified system. This can only occur at locations where the opposing crack faces are in 
contact due to the short length of cross-link bonds. Poor contact of the opposing fracture 
surfaces and in the absence of another healing mechanism operating would also contribute to 
a low level of recovery in fracture load. 
 
Table 5-2 SENB fracture load and healing efficiency values for of the unmodified epoxy and the 
thermoplastic modified epoxies. The number in brackets is the standard deviation to the fracture 
load. 
Polymer 
Original Fracture 
Load (N) 
Healed Fracture Load 
(N) 
Healing Efficiency, ηe 
Unmodified epoxy 83.0 (17.1) 9.9 (2.3) 12% 
10% EMAA 114.2 (6.2) 30.1 (4.2) 35% 
10% PEGMA 58.8 (33.2) 20.3 (5.7) 24% 
10% EVA 56.8 (12.0) 28.7 (4.7) 35% 
10% ABS 115.4 (6.2) 15.0 (6.3) 18% 
 
Partial healing of the epoxy resin systems was achieved with each of the four thermoplastics. 
EVA and EMAA produce the highest levels of load recovery at around 35%, followed by 
PEGMA at 24%, and then ABS at 18%. Varley et al. [75] found that each system had a 
slightly different healing mechanism, ranging from a predominatly pressure delivery 
mechanism to one that is dominated by viscous flow of the polymer. EMAA displays the 
pressure delivery mechanism where the molten EMAA is forced into the crack, as illustrated 
in Figure 5-2 activated by interfacial condensation reactions between functional acid groups 
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in the EMAA particles and residual hydroxyl groups in the epoxy network [65]. The reaction 
produces water which coalesce into high-pressure micron-sized bubbles within the molten 
EMAA. Figure 5-3 shows the size and morphology of bubbles in an EMAA particle within 
the healed epoxy. Pressure within the molten EMAA forces it to squeeze into open cracks. 
Upon cooling the thermoplastic within the crack solidifies and thereby partially heals the 
epoxy by efficiently binding the fracture surfaces together. A similar healing mechanism 
appears to occur for the PEGMA, although the bubbles were less abundant and smaller than 
in EMAA and there appeared to be more elastomeric fibrillation under reloading. This 
suggests the pressure with PEGMA particles is lower than in EMAA, which may reduce its 
healing efficiency. However, PEGMA has a lower viscosity than EMAA at the healing 
temperature (see Figure 5-1) which should aid flow into the crack despite the possibility of 
lower internal pressure. Overall, the load recovery and healing efficiency of PEGMA was 
slightly lower than EMAA, and this may be due several factors including lower-pressure 
bubbles within the PEGMA and weaker adhesion with the crack faces. 
 
Figure 5-2 Schematic of the healing process of EMAA and PEGMA in the epoxy. 
 
 
Figure 5-3 Microbubbles within EMAA following healing of the epoxy. 
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EVA is not expected to react with epoxy, and therefore the pressure delivery mechanism that 
forces EMAA and PEGMA into the crack, is not evident. However, EVA has much lower 
viscosity than the other thermoplastic additives and this property is believed to ease its flow 
into the crack. Healing using EVA occurred by melting and viscous flow into the crack at 
elevated temperature, and then fusion of the thermoplastic particles upon cooling, as shown 
schematically in Figure 5-4. In contrast, there was little visual evidence of ABS within the 
crack following healing, most likely due to its high viscosity and therefore partial healing of 
the epoxy occurred by fusion of thermoplastic particles across the crack, which is illustrated 
in Figure 5-5, and subsequent adhesion to the fracture surfaces. 
 
 
Figure 5-4 Schematic of the healing process of EVA in the epoxy. 
 
 
Figure 5-5 Schematic of the healing process of ABS in the epoxy. 
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5.3.2 Healing of Static Delamination Cracks of Carbon–Epoxy Composites 
Mode I critical strain energy release rate (GIc) values for delamination growth in the 
composites before and after healing are given in Table 5-3. The table also gives the 
percentage healing efficiency values (ηc), which is defined by the GIc of the healed 
composite relative to the original GIc value of the same composite before healing. The 
interlaminar fracture toughness of the composite before healing was increased by the 
addition of PEGMA (25% improvement), EMAA (63%) or EVA (260%) to the epoxy 
matrix. This toughening is attributed to the high ductility of these thermoplastics. In 
contrast, ABS did not affect significantly the original fracture toughness of the composite 
because this thermoplastic and the epoxy matrix have similar toughness values and both 
exhibit brittle-type fracture. This result appears somewhat in contrast to the initial fracture 
loads of the modified epoxy resins, but it is important to note that fracture toughness 
measurements are reported here and not just load to failure.  
 
For example, there was no recovery to the fracture toughness of the unmodified epoxy 
composite after heating at  the healing temperature, where as a modest recovery to the 
fracture load (ηe = 12%) occurred for the unmodified epoxy polymer after heating. This is 
attributed to differences in the amount of crack closure during heating. Examination of the 
delaminated composite sample revealed insufficient contact between the opposing crack 
surfaces due to the wavy crack profile created by the undulating texture of the woven carbon 
plies. Intimate contact along the crack in the unmodified epoxy polymer occurred more 
often due to the straighter crack profile.  Intimate contact is essential to allow cross-linking 
across the crack created by residual functional groups in the epoxy network. Cross-linking 
cannot occur between non-contacting surfaces, which was more common in the composite 
and for this reason there was no measurable recovery to the interlaminar fracture toughness 
following heating 
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Table 5-3 Mode I interlaminar fracture toughness values (GIc) and healing efficiencies of the 
composites. The numbers in brackets represent one standard deviation in the GIc value 
Composite 
Fracture toughness 
before healing 
Fracture toughness 
after healing 
Healing efficiency, ηc 
Unmodified epoxy 
EMAA additive 
PEGMA additive 
EVA additive 
ABS additive 
240 (20) J/m2 
410 (10) J/m2 
300 (40) J/m2 
880 (30) J/m2 
220 (40) J/m2 
0 J/m2 
640 (160) J/m2 
170 (40) J/m2 
910 (120) J/m2 
0 J/m2 
0% 
156% 
57% 
103% 
0% 
 
The fracture toughness of the composite containing ABS also did not recover after heating 
despite showing some healing of the neat resin sample. This is broadly attributed to its high 
viscosity, which restricted bulk flow of the thermoplastic into the delamination crack and the 
lack of any additional mechanism promoting flow and adhesion. Similar to the unmodified 
epoxy, poor contact between the crack surfaces prevents the fusion of ABS particles across 
the crack as shown schematically in Figure 5-5. ABS contains maleic anhydride and nitrile 
functional groups along its backbone which may have been able to react with the residual 
functional groups after cure and facilitate the pressure delivery mechanism. It appears, 
however, that the higher melt viscosity and melting point has inhibited these reactions 
ensuring that ductile viscous flow or softening is only healing mechanism operating. 
Furthermore, this mechanism appears to only function well when it is convenient to bring 
the fracture surfaces into intimate contact such as the neat resin and performs poorly in a 
composite due to the non-contacting fracture surfaces requiring more extensive flow. This 
indicates that a healing mechanism based solely on polymer viscous flow or softening 
without any additional mechanism such as the pressure delivery or subsequent adhesion to 
the fracture surfaces will not produce a good mendable resin system. 
 
As shown in Table 5-3, the EMAA, EVA and PEGMA modified systems provided more 
than complete (ηc = 156%), complete (ηc = 103%) and partial (ηc = 57%) recovery to the 
interlaminar fracture toughness of the composite following healing, respectively. These 
results correlate well with the neat resin systems and provide further evidence of the need 
for additional healing mechanisms rather than resin flow into a damaged region. The healing 
mechanisms are further investigated in Figure 5-6 which show SEM images of the 
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delamination fracture surfaces to the healed composites. EMAA, which is known to heal via 
the pressure delivery mechanism, displays expanded microbubbles embedded within the 
thermoplastic and evidence of adhesion to the carbon fibre surface. PEGMA also shows 
these microbubbles within the thermoplastic, but they are less in number and smaller, 
correlating well with the lower level of healing. In addition to this, however, there is greater 
elastomeric behaviour and fibrillation of the thermoplastic indicative of excellent adhesion 
to the fracture surfaces. The fracture surface of the composite containing EVA shows no 
evidence of the pressure delivery mechanism, but extensive elastomeric behaviour and 
fibrillation of the EVA. Again, this supports the epoxy resin results which suggest that 
healing arises from not only the very low viscosity and the subsequent melting and fusing of 
the EVA during healing, but also excellent adhesion to the fracture surface after cooling. In 
contrast, the ABS fracture surface shows no elastomeric behaviour or evidence of polymer 
flow, further supporting the poor results and discussion above. 
 
       
(a)      (b) 
   
(c)      (d) 
Figure 5-6 Scanning electron microscopic images of the fracture surface of composite containing (a) 
EMAA, (b) PEGMA, (c) EVA and (d) ABS. Note the virtual absence of ABS on the fracture surface. 
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5.3.3 Healing of Fatigue Delamination Cracks of Carbon Fibre-Epoxy 
Composites 
The healing efficiencies of the thermoplastics was also investigated for fatigue-induced 
delamination cracks. The healing efficiency of fatigue cracks was determined by comparing 
the Paris (ΔGI–da/dN) curves for the composites before and after healing. Figure 5-7 shows 
the effect of cyclic strain energy release rate (ΔGI) on the delamination crack growth rate 
(da/dN) for the composite containing unmodified epoxy and the composites containing 
thermoplastic agents. Each curve shows significant scatter in the da/dN data, and this is due 
to the unstable (slip-stick) growth rate of fatigue cracks in woven carbon-epoxy composites. 
Despite the scatter, the results reveal that before healing the delamination fatigue resistance 
of the composite was improved by EMAA, PEGMA and EVA. This is consistent with the 
interlaminar fracture toughness properties (see Table 5-3), which were also improved by 
EMAA, PEGMA and EVA but not by ABS.  
 
Elevated temperature healing of the thermoplastic modified epoxy composites induced 
different recoveries to the Paris curves. The healing efficiency of EMAA was excellent, with 
the fatigue resistance of the composite being higher after healing compared to before 
healing. This behaviour matches the healing efficiency observed for delamination cracks 
growth under quasi-static loading, with the interlaminar fracture toughness of the EMAA 
composite increased by over 50% after healing. PEGMA induced partial recovery in the 
fatigue resistance following healing, although the fatigue crack growth rates were higher 
than before healing. Again this behaviour is consistent with the static fracture toughness 
properties, with PEGMA only achieving partial restoration of the GIc value after healing. 
Within the bounds of experimental scatter, Paris curves of the composite containing EVA 
were similar before and after healing, indicating that this thermoplastic achieved full 
recovery of the fatigue resistance. Similar healing efficiency was measured for the 
interlaminar fracture toughness of the EVA composite. 
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(c) 
Figure 5-7 Paris curve plots of cyclic strain energy release rate against delamination crack growth 
rate for the thermoplastic modified composites before and after healing: (a) EMAA, (b) PEGMA and 
(c) EVA. The Paris plot for the unmodified epoxy composite is shown in each figure for comparison. 
The curves are lines of-best fit. 
 
Examination of the composite samples revealed the cause for the recovery to the 
delamination fracture toughness and fatigue resistance when EMAA, PEGMA or EVA were 
used as healing agents and the inability of ABS to heal the damage. Cross-sectional views of 
delamination cracks in the healed composites containing the thermoplastic additives are 
shown in Figure 5-8. During delamination growth the EMAA, PEGMA and EVA located 
along the crack plane deformed plastically into thin ligaments which bridged the crack, as 
shown schematically in Figure 5-9. As mentioned in Chapter 3, these thermoplastic 
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ligaments are capable of transferring the applied interlaminar stress across the delamination 
crack, and this lowers the stress acting on the crack tip and thereby promotes interlaminar 
toughening. Figure 5-8 shows that a similar toughening process occurred with PEGMA and 
EVA, and consequently these thermoplastics induced partial and complete recovery to the 
interlaminar properties, respectively. Bridging ligaments do not form along the delamination 
in the composite containing ABS (as shown in Figure 5-8d), and this is because this material 
did not flow into the crack and thereby form thermoplastic-rich zones which then develop 
into bridging ligaments. It is essential that ductile thermoplastic material resides along the 
crack path to achieve partial or complete recovery to the interlaminar fracture toughness and 
fatigue resistance of the composite. This study shows the delivery of thermoplastic to the 
crack can occur by the pressure delivery mechanism (which is the case for EMAA and 
PEGMA) or low viscosity flow (for EVA). It is also essential that the thermoplastic adheres 
strongly to the crack surface, otherwise the healing efficiency will be poor. 
 
   
(a)      (b) 
 
     
(c)      (d) 
 
Figure 5-8 Delamination cracks in composites containing (a) EMAA, (b) PEGMA, (c) EVA and (d) 
ABS. Note the ligaments of thermoplastic bridging the cracks in (a)–(c) and the absence of bridging 
ligaments in the composite containing ABS. 
CHAPTER 5 
HEALING OF CARBON-FIBRE COMPOSITES USING ALTERNATIVE THERMOPLASTIC AGENTS 
 
KHOMKRIT PINGKARAWAT          
      104  
 
 
Figure 5-9 Schematic of ligament bridging that induces interlaminar toughening in the healed 
composites containing EMAA, PEGMA and EVA (indicated by the shaded particles). The upper 
figure shows the presence of thermoplastic along the crack before significant crack opening. The 
lower figure shows the bridging ligaments under large crack opening due to an applied interlaminar 
tensile load. 
 
5.4 CONCLUSIONS 
Work presented in this chapter has shown that immiscible thermoplastics can be effective 
healing agents in both neat epoxy resin and in carbon fibre–epoxy composite. PEGMA 
undergoes a similar pressure delivery healing mechanism as per EMAA, although the size 
and density of microbubbles in PEGMA are less than in EMAA. This suggests the internal 
pressure needed to force PEGMA into the crack is less. Despite the lower internal pressure, 
PEGMA is capable of partially restoring the interlaminar fracture toughness and fatigue 
properties of the composite due to its relatively low viscosity at the healing temperature, 
which aids flow into cracks. EVA is another effective thermoplastic healing agent which 
provided fully recovery of both the interlaminar fracture toughness and fatigue resistance. 
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Unlike EMAA and PEGMA, EVA does not react with epoxy and healing is reliant on both 
its low viscosity which allows the molten thermoplastic to infiltrate cracks and excellent 
adhesion to the crack surfaces after healing. This implies that other types of ductile 
thermoplastic with low viscosity at elevated temperature together with excellent adhesive 
properties may prove effective healing agents, although this needs to be confirmed by 
further research. ABS proved ineffective as a healing agent due to its high viscosity which 
restricted significant ingress into cracks. The work demonstrated that immiscible 
thermoplastic additives with high internal pressure and/or low viscosity properties are 
effective healing agents for epoxy and carbon–epoxy composites containing delamination 
cracks. 
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CHAPTER 6: 
MECHANICAL PROPERTIES OF MENDABLE COMPOSITES 
CONTAINING MENDABLE THERMOPLASTIC AGENTS 
 
Abstract 
The previous research chapters reveal that thermoplastics with certain properties can be 
effective healing agents in carbon fibre-epoxy composites. Ideally, the thermoplastics should 
not adversely affect other properties of the material, such as in-plane mechanical properties 
or environmental durability. However, it is not known whether thermoplastics have an 
adverse, beneficial or benign influence on the mechanical properties of mendable  
composites. For this reason, an investigation was performed into the effect of insoluble 
thermoplastic particles used as healing agents on the in-plane mechanical properties of 
carbon fibre-epoxy composites. The effects of the weight fraction and type of thermoplastic 
on the elastic and strength properties of composite materials is determined using 
experimental and numerical (finite element) methods.  
 
Thermoplastic particles were found to have an adverse impact on the tension and 
compression properties of a woven carbon-epoxy composite. The elastic modulus and 
strength decreased with increasing weight fraction of thermoplastic agent due to the 
formation of thick polymer-resin layers and porosity between the plies that led to a reduction 
in carbon fibre volume content. The effect of four types of healing agent was investigated: 
EMAA, PEGMA, EVA and ABS.  It was found that the reduction to the in-plane properties 
was not dependent on the type of healing agent, but only on its weight content. A finite 
element model was developed to compute the effect of healing agents on the elastic and 
strength properties, and these predictions were in excellent agreement with the 
experimentally measured property values. Strategies are proposed for minimising the 
negative impact of healing agents on the mechanical properties. 
 
The chapter also presents an investigation in the efficacy of thermoplastic particles to restore 
the tension and compression properties of carbon-epoxy composite containing a long 
delamination crack. After healing, the thermoplastics (except ABS) were effective in 
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partially restoring the compressive modulus, but had no healing effect on the compressive 
strength or tensile properties. It was also found that the healing efficiency for the tensile or 
compressive properties was independent upon EMAA content (5-15 wt%) and number of 
healing operations (five healing cycles). This study concludes that using thermoplastic 
particles as healing agents in mendable composites comes at the expense of lower stiffness 
and strength properties. 
 
The research presented in this chapter has been submitted for publication: 
K. Pingkarawat, C.H. Wang, R.J. Varley and A.P. Mouritz, ‘Mechanical properties of 
mendable composites containing self-healing thermoplastic agents’, Composites Part A, 
(submitted). 
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6.1 INTRODUCTION 
The research presented in the previous chapters and reviewed in chapter 2 prove that certain 
types of insoluble thermoplastics are effective agents for healing cracks in epoxy resin or 
carbon fibre-epoxy composite. However, it is not known whether the thermoplastic agents 
increase, decrease or do not alter the in-plane mechanical properties of composites. 
Thermoplastic or rubber particles are used to toughen brittle polymers such as epoxy, but 
sometimes at the expense of reduced tensile and compressive properties [93]. Hence, it is 
possible that thermoplastic healing agents degrade the in-plane properties of composite 
materials. The research presented in this chapter investigates the influence of thermoplastic 
particles used as healing agents on the tensile and compressive properties of a carbon fibre-
epoxy composite. The effects of the type (EMAA, PEGMA, EVA or ABS) and weight 
fractions of thermoplastic particles on the elastic and strength properties are investigated. 
This study also evaluates the healing performance of thermoplastic agents on the recovery to 
the tensile and compressive properties of composites containing a long delamination crack. 
The determination of the healing efficiencies was conducted at different weight fractions of 
healing agent and for multiple healing operations. 
 
6.2 MATERIALS AND RESEARCH METHODOLOGY 
6.2.1 Manufacture of Mendable Composites 
The epoxy resin used in this study was diglycidyl ether of bisphenol A (DGEBA, D.E.R 331 
from Dow Chemical Company, Unite States), and it was cured using triethylenetetramine 
(TETA, DEH24 from Dow Plastics, Australia). The thermoplastics used were poly(ethylene-
co-methacrylic) acid (EMAA, Nucrel 2940, DuPont Polymers, USA), poly(ethylene-co-
glycidyl) methacrylate (PEGMA, Sigma-Aldrich, Australia), ethylene vinyl acetate (EVA, 
Evathene UE633, USI), and acrylonitrile butadiene styrene (ABS, Lanxess LN 250, Lanxess 
Germany). Prior to use, the thermoplastics were cryogenically ground and sieved to ensure 
the particles used were all within a similar size range of 245 to 425 µm. 
 
Modified epoxy resins were prepared by blending one of the four thermoplastics into the 
DEGBA solution using a propeller blade rotating at 300 rpm for 30 min at 65oC on a hot 
plate. The blended mixture was then degassed for 25 min in a vacuum oven at 50oC, cooled 
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to room temperature, and then hardener was added at a 100 to 13 ratio of DGEBA to TETA 
to produce a 1 : 1 stoichiometric network.  
 
Carbon fibre composites were made using unmodified epoxy or epoxy modified with 
EMAA (5 wt%, 10 wt% or 15 wt%), PEGMA (10 wt%), EVA (10 wt% ) or ABS (10 wt%). 
The composites were made using the wet hand lay-up process with ten plies of 200 g/m2 
plain woven carbon fabric (ARR Reinforcements Limited, United Kingdom) impregnated 
with the unmodified or thermoplastic modified epoxy. The fabric was arranged in a cross-
ply ([0/90]) pattern in the composites. Following lay-up, the composites were cured and 
consolidated at 70oC and 2 MPa for one hour in a platen press and then post-cured at 150oC 
for 30 min at ambient pressure. All thermoplastics remained immiscible in the epoxy matrix 
throughout the curing process and were located in the resin-rich regions between the plies, 
as determined by microscopic analysis (Figure 6-1). The particles were confined to the 
resin-rich interply layers because they were too large to fit between the carbon fibres within 
the plies. 
 
 
(a) 
 
(b) 
Figure 6-1 Optical microscopy images of (a) unmodified composite (b) mendable composite. Note 
the thermoplastic particles in (b) are located between (rather than within) the plies. 
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The final thickness and carbon fibre content of the composites with different weight 
fractions of thermoplastic in the epoxy matrix are given in Table 6-1.  The carbon fibre 
volume contents were determined by resin burn-off tests according to ASTM D2548-11. In 
this test, each type of composite was cut into 25 mm by 25 mm sized pieces and then oven 
heated in air at 565℃ for two hours to completely decompose the epoxy matrix and 
thermoplastic particles into volatiles and carbonaceous char. The char then oxidised 
removing any trace of organic material. These conditions cause very little oxidation and 
mass loss to the carbon fibres. The mass loss due to burning is used to determine the mass 
fractions of polymer and carbon fibre in the composite (assuming no porosity). Ten 
specimens were tested for each type of material.  
 
Table 6-1 shows the thermoplastic particles increased the thickness of the composite. The 
thermoplastic did not replace the space occupied by the epoxy (which remained 
approximately constant), but added to the volume fraction of the organic matrix phase. 
Figure 6-1 shows that the thermoplastic particles are located between the ply layers. The 
particles, which were initially spherical in shape, were flattened due to pressure applied on 
the composite during the cure and consolidation process. The particles, which are between 
245 and 425 µm in diameter, are too large to fit between the fibres within the woven plies. 
Their large size confined them to the resin-rich interply layers which caused them to thicken. 
This thickening of the interply layers accounts for the increase in total thickness of the 
mendable composites with the weight fraction of healing agent.  
 
Table 6-1 also shows the increase in composite thickness was not dependent on the type of 
thermoplastic. At the weight content of 10%, the EMAA, EVA, PEGMA and ABS caused a 
similar amount of thickening resulting in composites with approximately the same carbon 
fibre content. 
 
The percentage increase in thickness of the composites was greater than the percentage 
volume content of thermoplastic particles. The composite thickness increased by ~3% for 
every 1% increase in the volume content of healing agent. This occurred because the 
porosity content of the mendable composites increased with the healing agent content.  
Blending thermoplastic particles into the liquid epoxy resin increased the viscosity of the 
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mixture. This made it harder for the thermoplastic modified resin to infiltrate the carbon 
fabric plies and occupy all the spaces between the plies during the manufacturing process. 
Examples of voids in a mendable composite are shown in Figure 6-2.  These voids, together 
with the space occupied by the thermoplastic particles, increased the thickness of the 
composites. 
 
Table 6-1 Physical properties of the composite materials. 
Composite 
Healing 
Agent 
Content in 
Epoxy (wt%) 
Healing 
Agent 
Content in 
Composite 
(vol%) 
Thickness 
(mm) 
Percentage 
Increase in 
Thickness 
(%) 
Carbon 
Fibre 
Volume 
Content (%) 
Unmodified 
EMAA 
EMAA 
EMAA 
EVA 
PEGMA 
ABS 
- 
5 
10 
15 
10 
10 
10 
- 
4.7 
9.2 
14.3 
9.0 
8.7 
9.0 
2.00 
2.36 
2.71 
2.96 
2.73 
2.73 
2.74 
- 
18 
36 
48 
37 
37 
37 
0.39 ± 0.05 
0.32 ± 0.03 
0.26 ± 0.03 
0.21 ± 0.05 
0.29 ± 0.02 
0.29 ± 0.03 
0.27 ± 0.03 
 
 
 
Figure 6-2 Optical microscope image of a mendable composite showing voids within the polymer-rich 
interply layers. 
 
 
200 µm 
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6.2.2 In-Plane Mechanical Testing 
The tensile modulus and strength properties of the unmodified (without healing agent) and 
mendable carbon fibre-epoxy composites were measured according to ASTM D3039 
specifications using a 50 kN load capacity Instron 5569 material testing machine. The 
tensile specimens were 180 mm long x 30 mm wide. E-glass fibre-epoxy composite tabs 
were bonded to the specimen ends to prevent crushing within the vice grips of the Instron 
machine. Each tensile test coupon had a gauge length of 100 mm, and an extensometer was 
attached at the middle of the gauge region to measure the strain during testing. The tensile 
specimens were loaded at a displacement rate of 1 mm/min to failure.  
 
The compressive modulus and strength of the composites with and without healing agent 
was determined using the NASA short block compression test. The specimens were 55 mm 
long and 30 mm. The sample was put in the NASA short block compression test fixture 
which an unsupported gauge length of 25 mm. An extensometer was attached to the middle 
of the gauge section. The sample with the test fixture was compressed at an end-shortening 
rate of 0.5 mm/min to failure.  
 
The mechanical properties of the composites were also measured after healing to determine 
the efficiency of the thermoplastic particles to recover the stiffness and strength. The 
composite materials were completely delaminated along their mid-plane using a steel wedge 
with a sharp tapered tip. The wedge propagated into the composite mid-plane at a rate of 0.5 
mm/min until the composite is completely delaminated. The delamination crack was then 
closed by applying a pressure of 20 kPa and healing was activated by heating at 150oC for 
30 min inside an oven. Following healing the composites were cooled slowly to room 
temperature, and their residual tensile and compressive properties were then measured. In 
some cases, the composites were delaminated and then healed up to five times before 
mechanical testing to assess the repeatability of the healing operation in the recovery of the 
tensile and compressive properties.  The sequence of steps used to measure the healing 
efficiency for the in-plane properties is illustrated in Figure 6-3. 
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Figure 6-3 Schematic showing the sequence of steps in determining the tension and compression 
properties after healing of a mid-plane delamination crack in the composite. 
 
6.2.3 Numerical Modelling 
The influence of thermoplastic particles on the tensile and compressive properties of the 
composites was computed using finite element (FE) modelling. FE models of a 
representative volume element (RVE) were generated for the unmodified and mendable 
composites in the original (before healing) condition, as shown in Figure 6-4. The geometry 
of each model was based on a simplified representation of the microstructure in which the 
thermoplastic particles thickened the resin-rich layers between the carbon fabric plies but 
did not change the thickness of the plies (Figure 6-1). The dimensions of the RVEs were 5 
mm long x 5 mm wide, and the thickness was based on the measured values given in Table 
6-1. It was assumed that each carbon fibre-epoxy ply in both the unmodified and mendable 
composites had the same thickness of 0.2 mm. The effect of ply waviness on the mechanical 
properties of the RVEs was neglected since the in-plane crimp angle of the warp and weft 
tows in the unmodified and mendable materials was the same.  In the RVE for the mendable 
Step 1: 
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composite 
Step 2: 
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composite 
Step 3: 
Healing of 
composite 
Step 4: 
Mechanical testing of 
healed composite  
tension /compression 
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composites, a resin/healing agent rich-layer was incorporated between each ply (Figure 6-4), 
and thickness of these layers was increased with healing agent content.  
 
The RVE models were constructed using Abaqus (Version 6.11) with continuum shell 
elements for the carbon fibre-epoxy ply layers and solid elements for the resin/healing agent 
interply layers. The orthotropic material coordinate system for the ply elements was defined 
using the element geometry. Boundary conditions shown in Figure 6-5 were applied to 
represent the periodic nature of the RVE model [94]. In the figure, the co-ordinate system is 
warp tows (x-direction), weft tows (y-direction) and the through-thickness orientation (z-
direction). 
 
 
       (a)                                                       (b) 
Figure 6-4 RVE models for the (a) unmodified composite and (b) mendable composite. 
 
 
Figure 6-5 RVE boundary conditions. Note t is the thickness of the unmodified or mendable 
composites. 
u (0,y,z) = 0 mm 
w (x,y,0) = 0 mm 
v (x,0,z) = 0 mm 
w (x,y,t) = 0 mm 
v (x,5,z) = 0 mm 
u (5,y,z) = 0.5 mm 
Z, w 
X, u Y, v 
CHAPTER 6 
MECHANICAL PROPERTIES OF MENDABLE COMPOSITES CONTAINING SELF-HEALING THERMOPLASTIC AGENTS 
 
KHOMKRIT PINGKARAWAT          
      115  
The progressive damage model for fibre-reinforced composite materials in Abaqus [95] was 
applied to the carbon fibre-epoxy ply elements to compute the in-plane ply failure modes. 
Damage is categorised into four modes using the Hashin criteria for fibre (f) and matrix (m) 
failure in tension (T) and compression (C), using the following equations for the failure 
index, F: 
 2 211 12
12
( ) ( )tf
T
F
X S
 
    for 11 0   [6.1] 
 211( )cf
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      for 22 0   [6.4] 
Failure is assumed to initiate when F = 1. ߪଵଵ, ߪଶଶ, and ߬ଵଶ are in-plane ply stresses in the 
fibre coordinate system. XT, XC, YT, and YC are in-plane ply strengths in the fibre (X) and 
transverse (Y) directions. S12 and S23 are shear strengths in the in-plane and out-of-plane 
directions, respectively.   
 
The damage model is valid for elements under plane stress conditions, and only applies to 
the in-plane mechanical properties. As such, damage progression does not affect the out-of-
plane properties, such as through-thickness stiffness and strength. This means the shell 
elements remain rigid in the out-of-plane direction regardless of the extent of damage.  The 
area under the traction stress-displacement curve for each failure mode defines the fracture 
energy (Gc) (Figure 6-6). There are four fracture energies for the carbon-epoxy composite, 
and these are given in Table 6-2. 
 
 
Figure 6-6 Traction-separation law. 
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Table 6-2 In-plane fracture toughness (kJ/mm2) for carbon fibre-epoxy composite. 
Property Value Note 
Gft 45 Measured from unmodified composite 
Gfc 40 Measured from unmodified composite 
Gmt 0.08 Measured from unmodified composite 
Gmc 0.23 Measured from unmodified composite 
 
A reduction in stiffness is assumed when the composite is strained beyond the critical 
displacement (o) at maximum stress (max). The magnitude of the stiffness reduction 
depends on the displacement value and damage mode. Matrix failure triggers reductions in 
all the stiffness matrix terms except in the fibre direction (S11) whereas fibre failure reduces 
all the stiffness matrix terms. 
 
The material properties for the carbon-epoxy composite used to solve the FE model are 
given in Table 6-3. Because the elastic and strength properties of the epoxy matrix and 
thermoplastic particles are similar, it was assumed they were the same. 
 
Table 6-3 Physical properties of the composite materials. 
Property Value Note 
E1t 
E2t 
E1c 
E2c 
G12 
G13 
G23 
12 
XT 
XC 
YT 
YC 
S12 
S23 
65.24 GPa 
65.24 GPa 
69.69 GPa 
69.69 GPa 
5.0 GPa 
5.0 GPa 
5.0 GPa 
0.1 
640.0 MPa 
340.0 MPa 
640.0 MPa 
340.0 MPa 
90.0 MPa 
90.0 MPa 
Measured from unmodified composite 
Measured from unmodified composite 
Measured from unmodified composite 
Measured from unmodified composite 
Data sheet of generic carbon fabric/epoxy composite [96] 
Assumed same as G12 
Assumed same as G12 
Data sheet of generic carbon fabric/epoxy composite [96] 
Measured from unmodified composite 
Measured from unmodified composite 
Measured from unmodified composite 
Measured from unmodified composite 
Data sheet of generic carbon fabric/epoxy composite [96] 
Assumed same as S12 
Note: E is the elastic modulus, G is the shear,  is the possion’s ratio. 
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6.3 RESULTS AND DISCUSSION 
6.3.1 Effect of Thermoplastic Particles on In-Plane Mechanical Properties 
The effects of the type and percentage weight fraction of thermoplastic healing agent on the 
elastic and strength properties of the composites under tension and compression is shown in 
Figure 6-7. These property values were determined for the composites in their original (as-
manufactured) condition, and had no delamination damage nor had they been healed. The 
data points are the experimental property values, with open and closed points indicating 
compressive and tensile properties, respectively. The curves are the properties calculated 
using the FE model. The results show that embedding thermoplastic particles into the epoxy 
matrix phase reduces both the tensile and compressive properties of the composite. The 
tensile and compressive properties decrease at a linear rate with increasing concentration of 
healing agent. Both the elastic and strength properties fell by about 2% for every 1% 
increase in healing agent content.  The results also reveal there was no significant difference 
in the amount of softening caused by the different types of thermoplastic. This is expected 
because the stiffness and strength properties of EMAA, PEGMA, EVA and ABS are similar, 
which should result in them having the same softening effect on the composites. The results 
in Figure 6-7 are consistent with other studies that have shown that adding thermoplastic or 
rubber particles (with non-healing properties) or even microcapsules to composites to 
increase the fracture toughness can reduce the in-plane properties [5, 12, 93, 97-103]. Also, 
there was no change in failure modes when comparing between the unmodified and 
mendable composites. This means the failure modes were not changed by the healing agent. 
Under tension loading, failures involved matrix cracking, precdeing fibre rupture, and then 
complete tensile rupture. Under compressive loading, fibre kinking occurred for both 
unmodified and mendable composites. 
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(a) 
 
(b) 
Figure 6-7 Effect of weight percentage of thermoplastic healing agent in the polymer matrix on the 
(a) elastic modulus and (b) failure stress of the carbon fibre-epoxy composite. The open and closed 
data points indicate the measured compression and tension properties, respectively. The curves 
were calculated using FE analysis. 
 
The elastic and strength properties of composites can be reduced by many factors. Basic 
micromechanical theory for composites shows that properties can be reduced by such factors 
as increased fibre misalignment (due to ply crimp or waviness), increased porosity, and 
reduced fibre volume content. Microstructural analysis of the composites was performed to 
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identify the cause for the thermoplastic particles reducing the mechanical properties. 
Measurements of the waviness angles of the woven carbon plies were performed to 
determine whether the particles altered the amount of ply crimp (Figure 6-8). Fifty 
measurements were taken for each type of composite material. It was found that the average 
ply waviness angle was not affected significantly by the type or weight fraction of healing 
agent, and was in the range of 6-8o for both the unmodified and mendable composites. This 
reveals the mechanical properties were not reduced by thermoplastic particles increasing the 
waviness or crimp of the load-bearing carbon tows in the mendable composites. 
 
 
Figure 6-8 Measurements of the waviness angles of the woven carbon plies. 
  
Figure 6-7 shows the tensile and compressive properties calculated using the FE model 
agree with the experimental results. As mentioned, with the FE model it was assumed the 
only difference between the unmodified composite and the mendable materials is the 
thickness of the polymer-rich layer between the plies. The interply thickness in the FE 
model was increased with the weight fraction of thermoplastic particles, and this caused a 
reduction in the average carbon fibre content of the RVE. The FE analysis indicates the 
reduction to the mechanical properties was caused solely by the reduction to the fibre 
volume content of the composite.  
 
The hand lay-up process used to fabricate the mendable composites caused the volume 
content of polymer phase to increase with the addition of thermoplastic agent (with a 
corresponding increase in thickness and reduction in carbon fibre content). This was due to 
limited control of the polymer content and void content with the hand lay-up process, 
causing the mechanical properties to decrease when thermoplastic was added to the 
6o-8o 
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composite. By using a closed moulding process to maintain constant thickness, such as resin 
transfer moulding, it should be possible to fabricate mendable composites with a constant 
volume fraction of polymer phase by lowering the epoxy content by the same amount that 
the thermoplastic content is increased. Via this process, it is expected that the adverse 
impact of thermoplastic particles on the mechanical properties will be minimised. However, 
this was not investigated as part of the PhD project, although is a topic worthy of future 
research.     
 
6.3.2 Recovery to In-Plane Mechanical Properties by Self-Healing 
6.3.2.1 Healing Recovery of Tensile Properties 
The capacity of thermoplastic agents to restore the tensile properties of mendable 
composites by healing is investigated in this section. Property recovery for the mendable 
composites following healing of a continuous delamination crack was determined using the 
experimental methodology illustrated in Figure 6-3. Property values were measured for the 
mendable composites in their original condition (i.e. without a delamination crack), with the 
crack, and after healing of the crack.  
 
The effect of the type of thermoplastic agent on the restoration of the tensile properties is 
shown in Figure 6-9. Table 6-4 gives the tensile property healing efficiency values for the 
different mendable composites, which were determined from the measured property values 
using the expression: 
  ( ) 100h d
o
P P
P


   [6.5] 
Ph, Pd and Po are the property values of the mendable composite in the healed, delaminated 
and original conditions, respectively.  
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(a) 
 
                                   (b) 
Figure 6-9. Effect of thermoplastic agent on the (a) tension modulus and (b) tension strength of the 
composites in the original, delaminated and healed conditions. The weight fraction of healing agent 
was 10 wt% 
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Table 6-4. In-plane tensile property healing efficiency values for the mendable composites. 
Healing 
Agent 
Content 
(wt%) 
Healing 
Cycles 
Healing Efficiency, η 
Tensile 
modulus 
Tensile 
strength 
EMAA 5 first -4.8% -10% 
EMAA 10 first -2.6% -5.7% 
EMAA 15 first 12% -11% 
EMAA 10 second -5.2% -15% 
EMAA 10 third -12% -20% 
EMAA 10 fourth -11% -11% 
EMAA 10 fifth -1.6% -12% 
PEGMA 10 first 0.4% 11% 
EVA 10 first 13% -7.8% 
ABS 10 first -1.9% -3% 
 
Figure 6-9 shows that the delamination crack did not change significantly or reduced only 
slightly the tensile modulus and failure stress of the composites. The tensile properties of the 
unmodified composite were affected the most by the delamination crack, with both the 
elastic modulus and strength being reduced by 15-20%.  A smaller reduction was 
experienced by the mendable composites; within the bounds of scatter the tensile properties 
of these materials in their original and delaminated conditions were the same. This is 
because the tensile properties are controlled by the fibre and ply properties, and a single 
delamination between two plies does not reduce significantly the stiffness and strength. 
Healing the delamination crack did not change the tensile properties (within the bounds of 
experimental scatter), and therefore the percentage healing efficiency values for the different 
thermoplastic agents were low (typically under 10%). Some healing efficiency values are 
negative, although this does not mean the thermoplastic agent had an adverse effect on the 
tensile properties of the healed material. The negative healing efficiency values are less than 
the scatter in the property data, and therefore are not statistically significant. 
 
Figure 6-9 shows the values for the tensile modulus and failure stress of the mendable 
composites in the healed condition were similar to their property values when delaminated. 
This occurred despite the thermoplastic agent (with the exception of ABS) partially (but not 
completely) filling the delamination crack and bonding the two halves of the delaminated 
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composite. For example, Figure 6-10 shows a delaminated composite sample before and 
after healing. During elevated temperature healing, the thermoplastic particles (except ABS) 
embedded in the epoxy matrix flowed into the delamination. The EMAA and PEGMA 
agents were forced to flow into the delamination under high pressure generated by water 
vapour-filled bubbles within the thermoplastic particles (see Chapters 3 and 5).  The EVA 
flowed from the particles along the fracture surfaces into the crack aided its very low 
viscosity at the healing temperature (see Chapter 5). Upon cooling, the thermoplastic agents 
(except ABS) within the delamination bonded strongly to the two halves of the composite, 
thereby forming a thermoplastic-rich adhesive bond. The bond was not continuous, and 
instead the thermoplastic bonded the composite at discrete regions along the pre-existing 
delamination, as shown schematically in Figure 6-10(c). Despite the discontinuous nature of 
the adhesive bond, it was tough which ensured load transfer across the healed crack.  
 
  
(a) 
 
 
(b) 
                                    
(c) 
Figure 6-10. Photographs of a mendable composite in the (a) delaminated and (b) healed conditions. 
(c) Schematic showing the semi-continuous thermoplastic-rich bond-line within the healed 
composite. The photograph is for the composite containing EMAA particles (10%wt). However, the 
photograph is representative of all healing. 
Composite 
Composite EMAA 
Composite 
Composite 
Delamination 
1 mm 
1 mm 
Composite 
Composite 
Delamination sealed by EMAA 
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Table 5-3 (in Chapter 5) gives the mode I interlaminar fracture toughness values for the 
healed bond-line for the different thermoplastic agents. The results show the bonded region 
had high toughness, particularly with the EMAA and EVA where their toughness values 
were much higher than the unmodified composite. Despite the thermoplastic agents (except 
ABS) repairing the delamination and forming a high toughness bond, the tensile stiffness 
and strength of the mendable composites were not improved significantly by healing. This is 
because the tensile properties are not sensitive to the absence (due to healing) or presence of 
the delamination.  
 
The effect of the weight fraction of healing agent (EMAA) on the healing efficiency for the 
tensile properties is given in Table 6-4, and in all cases the values were low. The results 
clearly show that thermoplastic agents have no beneficial effect to the tensile properties of 
mendable composites following healing, even when used in high concentration. This was 
also the case for the effect of number of healing operations of the EMAA on the healing 
efficiency for the tensile properties (Table 6-4).  
 
6.3.2.2 Healing Recovery of Compressive Properties 
The compressive properties of the unmodified and mendable composites in the original, 
delaminated and healed conditions are shown in Figure 6-11. The healing efficiency values 
are given in Table 6-5. As expected, both the compressive modulus and strength values were 
reduced considerably by the delamination crack. Heating the unmodified material to the 
healing temperature did not induce any repair of the delamination crack and therefore the 
delaminated composite in the ‘healed’ and unhealed conditions have similar residual 
compressive properties (Figure 6-11). Work presented earlier in this thesis shows that 
heating unmodified epoxy induces a small amount of healing, and this was attributed to 
cross-linking reactions between functional groups at locations where the crack faces are 
touching. However, the wavy profile of the delamination (due to the woven texture of the 
carbon fabric) resulted in little contact between the opposing crack surfaces in the 
composite. Hence, no cross-links were formed across the delamination crack. For this 
reason, the compressive properties of the unmodified material in the delaminated condition 
are due to the residual load-carry capacity of the two sub-composite portions of the 
specimens.  
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(a) 
 
(b) 
Figure 6-11. Effect of thermoplastic agent on the (a) compression modulus and (b) compression 
strength of the composites in the original, delaminated and healed conditions. The weight fraction of 
healing agent was 10 wt%.  
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Table 6-5. In-plane compressive property healing efficiency values for the mendable composites. 
Healing 
Agent 
Content 
(wt%) 
Healing 
Cycles 
Healing Efficiency, η 
Compressive 
Modulus 
Compressive 
Strength 
EMAA 5 first 42% 6% 
EMAA 10 first 38% 8.8% 
EMAA 15 first 38% 16% 
EMAA 10 second 38% 8.8% 
EMAA 10 third 43% 9.5% 
EMAA 10 fourth 43% 18% 
EMAA 10 fifth 35% 12% 
PEGMA 10 first 19% 5.8% 
EVA 10 first 32% 7.5% 
ABS 10 first -1.2% -2.2% 
 
Healing caused a modest recovery in the compressive modulus of the mendable composites 
(except ABS); with healing efficiency values in the range of about 20 – 40% (Table 6-5). 
The healing efficiency was not dependent on the thermoplastic (EMAA) content or number 
of healing operations over the range studied (Table 6-5). Partial recovery to the compressive 
modulus of the composites with EMAA, EVA or PEGMA is attributed to the change in the 
compressive deformation behaviour following healing, which is illustrated in Figure 6-12. 
During compression testing of the delaminated composites it was observed that deformation 
occurred by lateral separation of the two halves of the specimen, resulting in low stiffness 
(figure 6-11a). As mentioned, healing caused the thermoplastic (except ABS) to partially fill 
the delamination, although regions of unrepaired damage remained on the mid-plane of the 
composite specimen. The presence of thermoplastic along the mid-plane resulted in partial 
load transfer between the two sections of the healed composite, and this suppressed sub-
composite buckling and the mendable composites deformed by global buckling (Figure 6-
12b), which increased the compressive modulus. The ABS mendable composite, however, 
showed no recovery in the compressive modulus following healing. There was no evidence 
of ABS within the delamination after heating, although some of the particles bonded within 
the crack. This is consistent with the research reported in Chapter 5. As a result, the 
delaminated and healed composite with ABS failed by lateral separation of the two halves of 
the sample (as shown in Figure 6-12a) with no recovery in compressive modulus.  
CHAPTER 6 
MECHANICAL PROPERTIES OF MENDABLE COMPOSITES CONTAINING SELF-HEALING THERMOPLASTIC AGENTS 
 
KHOMKRIT PINGKARAWAT          
      127  
 
The compressive strengths of the mendable composites investigated in these studies were 
not improved significantly by healing (Figure 6-11 and Table 6-5). Strength values for the 
delaminated and healed materials were similar, resulting in low healing efficiency (under 
10-15%). This low recovery occurred irrespective of the type or weight fraction of healing 
agent or the number of healing cycles (Table 6-5). The low healing efficiency is attributed to 
the inability of the healing agent to restore the failure mechanism controlling the 
compressive strength. Failure of the mendable composites in the original condition occurred 
by kinking and microbuckling of the load-bearing carbon plies. In the delaminated 
condition, failure occurred by sub-laminate buckling of the two halves of the composite (as 
illustrated in Figure 6-12a). Healing did not restore the kinking failure mechanism, and the 
mendable composites failed by global buckling (Figure 6-12b). 
 
  
(a)                  (b)  
Figure 6-12 Illustrations of the compressive failure modes of the mendable composites in the (a) 
delaminated condition and (b) healed conditions.        
 
6.4 CONCLUSIONS 
The research presented in this chapter reveals that the mechanical properties of mendable 
carbon fibre-epoxy composite are reduced by thermoplastic particles. The properties are 
reduced by the thermoplastic particles increasing the thickness of the polymer-rich layers 
and inducing porosity between the plies, and these reduce the carbon fibre volume content of 
the composite. The thermoplastic particles studied here were too large to fit between the 
carbon fibres within the plies, and therefore they were confined to the interply layers. Using 
smaller particles that can fit within the plies should reduce this thickening effect, although 
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the healing efficiency may also be affected. Unpublished research by Varley [104] indicates 
that using smaller thermoplastic particles reduces the healing efficiency. Using a closed 
moulding process that controls the bulk thickness of the composite is another way to 
minimise the adverse effect of large thermoplastic particles on the mechanical properties, 
although this is yet to be proven. 
 
Experimental testing and FE analysis revealed that the reduction to the mechanical 
properties was not dependent on the type of thermoplastic particle. When used at the same 
volume content, the EMAA, PEGMA, EVA and ABS caused similar reductions in the 
tensile and compressive properties. This is expected because the mechanical properties of 
these four types of thermoplastic and their influence on the microstructure are similar. The 
mechanical properties decreased at a linear rate with increasing weight fraction of 
thermoplastic particle in the epoxy matrix, and this was due to the space occupied by the 
thermoplastic particles and increased void content. The increased thickness reduced the 
average carbon fibre content of the mendable composites, thereby lowering their stiffness 
and strength properties. 
 
Healing of delamination damage using thermoplastic agents (except ABS) results in partial 
restoration of the in-plane compressive modulus. The thin and tough layer of thermoplastic 
formed along the healed delamination was capable to transferring stress between the two 
halves of the composite. This suppressed lateral separation of the sub-laminates under 
compression loading, thereby partially restoring the compressive modulus.  However, 
healing of the delamination did not result in any significant recovery to the compressive 
strength or tensile properties.  
It is concluded that using thermoplastic particles as healing agents comes at the expense of 
reduced mechanical properties of the mendable composite. Adding thermoplastic agents to 
increase the healing efficiency for delamination cracks will result in a reduction to the 
tensile and compressive properties. It is likely that other properties will also be degraded, 
such as fatigue life and environmental durability, although this has not been investigated. 
While thermoplastic agents have an adverse impact on the mechanical properties, other self-
healing methods (such as microcapsulation and microvasculates) are also detrimental.
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CHAPTER 7:  
EFFECT OF MENDABLE POLYMER STITCHING ON THE 
TOUGHENING AND HEALING OF DELAMINATION CRACKS IN 
CARBON–EPOXY COMPOSITES 
 
Abstract 
This chapter presents an experimental investigation into the effect of mendable polymer 
stitching on the delamination toughening and self-healing properties of carbon–epoxy 
composites. Mode I interlaminar static and fatigue tests using double cantilever bending 
specimens show that through-the-thickness reinforcement of the composite with mendable 
poly(ethylene-co-methacrylic acid) stitches provide the synergistic combination of high 
mode I interlaminar fracture toughness and fatigue resistance to resist delamination cracking 
as well as providing healing properties to repair delamination damage. The results show that 
the fracture toughness and delamination fatigue resistance of the composite increased with 
the EMAA stitch density, and this was due to higher traction (crack closure) loads exerted 
by the stitches bridging the delamination. During the healing process these bridging stitches 
first melt and then flow into the delamination via the pressure delivery mechanism. Aided to 
this, healing agent stored in an interconnected network of stitches is also able to flow into 
narrow delamination cracks. These lead to healing with full restoration of the mode I 
fracture toughness and fatigue resistance. Furthermore, the stitches were capable of repairing 
delamination cracks many times larger than the original size of the stitches. The effect of 
stitch density on the healing process of delamination cracks and restoration of both fracture 
toughness and fatigue resistance were found to remain approximately the same under 
multiple repair operations. Transverse tension tests were performed to determine the traction 
law of the stitched healing agent, which controls the healing efficiency and interlaminar 
toughening mechanism under static and fatigue interlaminar loading. 
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7.1 INTRODUCTION 
Carbon fibre–reinforced epoxy composites used in aircraft structures are susceptible to 
delamination cracking due to bird strike, hail stones and other impact events. Various 
materials and techniques have been developed to increase the interlaminar fracture 
toughness and interlaminar fatigue resistance of composites to reduce their susceptibility to 
delamination cracking. This includes the use of high toughness polymers, thermoplastic 
interleaving and through-the-thickness reinforcement with stitching, z-pinning and 
orthogonal weaving. Through-the-thickness reinforcement of composites with high-strength 
fibres or rods is an effective method for increasing the interlaminar fracture toughness 
resistance under static [105-107] or cyclic fatigue [108, 109] load conditions, which are 
important material properties in combating the problem of delamination cracking in 
aerospace composite composites. Many studies have shown that stitching is a highly 
effective method for causing the delamination toughness of carbon/epoxy and other types of 
composites by forming a large-scale crack bridging zone [110-112]. Cartie´ et al. [108] and 
Su [109] measured improvements to the delamination fatigue toughness of carbon–epoxy 
composite when reinforced with z-pins or stitches, respectively. The fatigue crack growth 
rate was slowed by the z-pins or stitches forming a large-scale bridging zone along the 
delamination. The bridging z-pins or stitches generate traction loads that lower the stress 
applied to the crack tip, thereby increasing the delamination toughness and slowing the 
interlaminar fatigue crack growth rate. While through-the-thickness reinforcement of 
composites is effective at resisting delamination growth, the cracks must be repaired using 
conventional processes such as resin infusion or scarf repairs due to their inability to self-
heal. 
 
The most effective approach to combating the problem of delamination is using composite 
materials that synergistically combine high fracture toughness properties (to resist 
delamination cracking) with self-healing properties (to repair delaminations). Until recently, 
these two properties have been treated separately with materials having either high 
delamination toughness or self-healing, but not both. However, Yang et al. [67] recently 
reported on a new composite material containing a three-dimensional stitched network of 
mendable thermoplastic filaments which provide both high interlaminar fracture toughness 
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and self-healing properties. Yang and colleagues stitched carbon fibre–epoxy composite 
with filaments of EMAA. The stitches increased the mode I interlaminar fracture toughness 
by forming a crack bridging traction zone during delamination growth. Healing was heat-
activated via a condensation reaction between the insoluble EMAA stitches and epoxy 
matrix phase. The stitches were effective at healing delamination cracks and restoring the 
mode I interlaminar fracture toughness.  
 
This chapter extends the recent research by Yang et al. [67] by investigating the important 
influence of EMAA stitch density on the synergistic combination of delamination toughness 
and healing of carbon–epoxy composites. The focus of this investigation is to quantify the 
effect of increasing stitch density on both the crack  bridging toughening mechanisms and 
the healing efficiency, defined by the recovery to the mode I interlaminar fracture toughness 
and fatigue resistance. The mode I delamination fatigue properties and fatigue crack healing 
mechanism are determined for composites containing a low- or high- volume content of 
stitches. The efficacy of the stitched composites to restore the delamination fracture 
toughness and fatigue resistance are determined for multiple healing operations.   
 
7.2 MATERIALS AND RESEARCH METHODOLOGY 
7.2.1 Mendable Carbon Fibre-Epoxy Composites 
The composite material used in this study was fabricated from unidirectional carbon fibre–
epoxy prepreg tape (VTM 264 supplied by Advanced Composites Group). The stacking 
sequence of the composite is [02/[90/0]4]s. While in the uncured condition, the prepreg 
preform was manually stitched through-the-thickness using EMAA filament. The filament 
was produced from fused pellets of Nucrel® (Dupont Packing and Industrial Polymers), 
which is the same material used in the EMAA particles and fibres used in the previous 
chapters. 
 
In order to obtain EMAA filament used as the stitch thread, the EMAA originally in pellets 
form were formed into a 1.1 mm thickness sheet by using a hot press machine. Aluminum 
plates that have a thickness of 1.1 mm were wrapped with Teflon and placed along the side 
of the bottom hot press plate to use as a template for obtaining a constant 1 mm thickness of 
CHAPTER 7 
EFFECT OF MENDABLE POLYMER STITCHING ON THE TOUGHENING AND HEALING OF DELAMINATION CRACKS IN 
CARBON–EPOXY COMPOSITES 
 
 
KHOMKRIT PINGKARAWAT          
      133  
EMAA sheet. The top hot press plates pressed the EMAA pellets at 150oC until the EMAA 
forms into a sheet with a 1.1 mm thickness. Then, the EMAA sheet was manually cut into 
strips which are rectangular in cross-section (1.1 x 2.0 mm). The tensile strength of the 
EMAA filament used as the stitch thread was 16 MPa [113]. In the stitching process, the 
uncured prepreg composite was manually stitched using a 50mm length needle in the 
through-thickness direction, followed by inserting EMAA filament into the hole. Filaments 
were stitched in straight, parallel rows along the 0o fibre direction of the uncured prepreg 
composite. The spacing between the stitches both along and between the rows was 20, 10, 8 
or 5 mm, which is equivalent to an areal density along the composite mid-plane of 0.25, 1, 
1.6 and 4 stitches/cm2, respectively. The stitch architecture of the EMAA filaments was the 
same at the different stitch densities, and is illustrated in Figure 7-1. An important design 
feature was that the neighbouring rows of stitches were interconnected by horizontal EMAA 
filaments placed near the surface. These interconnecting filaments helped ensure sufficient 
supply of thermoplastic into delamination cracks during healing. After stitching, additional 
prepreg plies ([0/90/02]) were placed on both the top and bottom surfaces of the composite 
to cover the stitches in order to prevent leakage of EMAA during high temperature curing 
and healing. 
 
 
Figure 7-1 Architecture of the EMAA stitches in the mendable carbon/epoxy composite. 
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A composite without stitches, but with the same [02/[90/0]4]s ply stacking pattern to the 
stitched composites, was used as the control (benchmark) material. The unstitched and 
stitched composites were cured and consolidated inside an autoclave at 120oC and 620 kPa 
for 1 h. The carbon fibre content and thickness of the materials investigated in the study are 
provided in Table 7-1. Stitching caused the thickness to increase due to space occupied by 
the EMAA filaments and disturbance of the ply packing density. The thickness increased 
with the stitch density and this caused a corresponding reduction to the carbon fibre content. 
This is expected to reduce the in-plane mechanical properties based on studies of stitched 
(non-mendable) composites [107, 114], and this is investigated in the next chapter. 
 
Table 7-1 Physical properties of unstitched and mendable stitched carbon-epoxy composite 
specimens. 
Stitch Density 
(stitches/cm2) 
Stitch Area 
Content* 
Carbon Fibre 
Volume Content 
Composite 
Thickness (mm) 
Glass Transition 
Temperature (oC) 
0 
0.25 
1.0 
1.6 
4 
0% 
0.9% 
3.4% 
7.7% 
15.7% 
0.53 ± 0.01 
0.51 ± 0.01 
0.48 ± 0.01 
0.45 ± 0.03 
0.40 ± 0.02 
4.26 ± 0.03 
4.30 ± 0.04 
4.47 ± 0.08 
4.50 ± 0.08 
4.64 ± 0.07 
130 
130 
128 
128 
128 
* Percentage surface area of delamination crack plane occupied by EMAA stitches in cured specimens. 
 
Stitching introduced several types of microstructural defects into the composite, including 
in-plane fibre waviness, out-of-plane fibre crimping, fibre breakage, voids, and resin-rich 
regions. These defect types are common to stitched materials, and are difficult to avoid with 
conventional stitching methods [107]. Fibre waviness caused by stitching with the EMAA 
filament is shown in Figure 7-2. Carbon fibres within the prepreg were pushed aside during 
the stitching process, and this created a region of fibre waviness localised around each stitch. 
The deflection angle of the wavy fibres was measured to be 11.5 ± 3.5o. Small tapered voids 
were created on both sides of each stitch caused by the displacement of carbon fibres in the 
uncured prepreg preform. The stitches became molten during curing because the melting 
temperature of EMAA (83oC) is below the cure temperature of the carbon–epoxy prepreg 
used for the composite (120oC). As a result, EMAA flowed into the void spaces which 
changed the cross-sectional shape of the stitches from rectangular to eyelet, as illustrated in 
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Figure 7-3. The flow of molten EMAA into the void space increased the areal fraction of 
stitch material along the mid-plane of the composite specimens, which is the region of 
delamination crack growth during DCB testing (which is described below). The areal 
fraction of EMAA stitch material along the delamination crack plane for the different 
stitched composites is given in Table 7-1. 
 
 
Figure 7-2 Fibre waviness within the plies caused by an EMAA stitch. 
 
 
(a) 
 
(b) 
Figure 7-3 Schematic planar view of an EMAA stitch within the composite: (a) before and (b) after 
curing. (a) Rectangular-shaped stitch before curing with void spaces adjacent to the stitch caused by 
fibre waviness. (b) Eyelet-shape stitch after curing due to flow of molten EMAA into the void spaces. 
 
Table 7-1 also gives the glass transition temperature (Tg) values for the unstitched and 
stitched composites, which was not affected significantly by the EMAA. The Tg values were 
determined using Dynamic Mechanical Thermal Analysis (DMTA) with a PerkinElmer/ 
Seiko II Pyris Diamond DMA. Samples of dimensions about 55 mm in length x 10 mm wide 
1 mm 
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x about 2–3 mm thick were heated from 30oC to 200oC at a rate of 2oC/min while applying a 
flexural dual cantilever deformation of 10 mm at a frequency of 1 Hz. The similarity in the 
Tg values for the different materials implies that the EMAA did not dissolve into the epoxy 
phase, which is expected because the two are insoluble. 
 
7.2.2 Interlaminar Fracture Toughness and Fatigue Testing and Self-Healing 
The mode I interlaminar fracture toughness and fatigue resistance of the unstitched and 
stitched composites were determined using the same conditions described in Chapter 3. 
Three test specimens was conducted on each composite type under mode I static loading, 
while two samples were used of each type of composite for mode I fatigue loading. 
 
After static and fatigue testing, the stitched DCB specimens were healed by heating at 150oC 
for 1 h under a pressure of 20 kPa. The delamination was closed during the healing process 
in order to minimise the amount of EMAA needed to fill the crack. Partial healing can occur 
without fully closing the crack; however, the healing efficiency is not as high as for the 
closed crack. The melting temperature of EMAA is 83oC, and therefore, the stitches are 
molten during the healing operation performed at 150oC. Melting is essential to aid flow of 
EMAA into cracks via the pressure delivery mechanism. The healing efficiency is improved 
by compacting the delaminated composite to minimise the open volume of crack that must 
be infiltrated with EMAA. After healing, the stitched DCB specimens were cooled to room 
temperature and retested under static and fatigue loading according to the test procedures 
described in Chapter 3. The healing and repeated delamination testing was performed up to 
five times on the composite specimens to assess the multiple repair efficiency of the 
mendable stitches.  
 
7.2.3 Transverse Tension Testing for Bridging Traction Properties 
The interlaminar toughening and healing efficiency of the EMAA stitches was also 
determined by transverse tension tests on the stitched composite, as shown schematically in 
Figure 7-4. This type of test is often used to measure the bridging traction load generated by 
stitches, pins and other types of through-thickness reinforcing fibres under mode I 
interlaminar loading. The test specimen was manufactured with the same carbon fibre–
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epoxy composite used in the DCB specimens. The rectangular-shaped test specimen was 40 
mm long and 20 mm wide, and consisted of two halves of the composite separated at the 
mid-plane by a PTFE film. The specimen contained 21 stitches which were equally spaced 
(i.e. 7 stitches per row with 3 rows). The applied force was divided by the number of stitches 
to determine the average bridging  traction load per stitch. A tensile force was applied to the 
specimen at a constant crack opening displacement rate of 1 mm/min until all the stitches 
had failed and then the specimens were healed by heating at 150oC for 1 h and consolidation 
at 20 kPa for 10 minutes. After healing, the specimen was reloaded in transverse tension to 
determine the recovery in the bridging load, stiffness and fracture energy. Five samples of 
the stitched composite were tested under identical conditions to assess the variability in the 
bridging traction properties. 
 
 
Figure 7-4 Schematic of the transverse tension test to measure the mode I crack bridging traction 
properties of the EMAA stitches. 
 
Transverse tension tests were also performed on the stitched composite under static (creep-
type) loading. Specimens were loaded in transverse tension to different crack opening 
displacement values (0.11, 0.22 and 0.44 mm) and then held for 1000 s to measure the time 
dependent relaxation to the traction load of the stitches. In this test, five samples of the 
stitched composite were used. Transverse tension specimens were also fatigue tested under 
displacement control at maximum crack opening values of 0.12, 0.18, 0.26, 0.35 and 0.44 
mm. These tests were performed under a load ratio of 0.1, defined by the minimum 
normalised by the maximum crack opening displacement, and a load frequency of 10 Hz. 
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This was the same cyclic loading condition used to determine the delamination fatigue 
resistance of the stitched composites using the DCB method. Five samples of the stitched 
composite were used in the transverse cyclic loading test. 
 
7.3 RESULTS AND DISCUSSION 
7.3.1 Healing of Static Delamination Cracks 
The effect of increasing areal density of EMAA stitches on the mode I crack growth 
resistance (R) curves of the original carbon–epoxy composite is shown in Figure 7-5. The 
term ‘original composite’ defines the condition of the material before healing. The R-curve 
for the unstitched composite shows the interlaminar fracture toughness remained constant 
with increasing crack length. In contrast, the stitched composites had rising R-curves during 
the initial phase of delamination crack growth before reaching a quasi-steady state condition 
at long crack lengths (above 10–30 mm). The initial rise in the R-curves was due to the 
development of a crack bridging zone by the EMAA stitches. For example, Figure 7-6 
shows an EMAA filament bridging the delamination, and the number of these stitches 
within the bridging zone increased during the initial phase of crack growth thereby 
increasing the interlaminar fracture toughness. It was observed during DCB testing that the 
R-curve reached the quasi- steady state condition when the stitch bridging zone was fully 
developed. This occurred when the number of stitches that started to bridge the delamination 
at the crack tip was matched by an equal number of stitches that broke at the trailing end of 
the bridging zone, where the tensile strain of the stitches was highest due to the large crack 
opening displacement. Due to this bridging process, the R-curves for the stitched composites 
during the quasi-steady state crack growth phase was characterised by a series of 
fluctuations to the interlaminar toughness value. The toughness increased over a short 
distance when stitches began bridging the delamination near the crack tip whereas the 
toughness dropped when stitches broke at the trailing end. The bridging stitches deformed 
by plastic yielding and necking before breaking along or close to the delamination crack 
plane. The crack bridging process was the same delamination toughening mechanism that 
occurs for composites stitched with high performance (non-mendable) fibres such as carbon 
or Kevlar, e.g. [105]. 
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Figure 7-5 Effect of EMAA stitch density on the R-curve trends for the composite in the original 
condition (before healing). 
 
 
Figure 7-6 EMAA stitch bridging a delamination crack in the original composite (before healing). 
 
Figure 7-7 shows the influence of EMAA stitch density on the mode I interlaminar fracture 
toughness for crack initiation and steady state crack growth for the composites in their 
original condition. The crack initiation toughness was not improved by stitching, and this 
was because the stitch bridging zone cannot form when the crack is short. This behaviour 
has also been reported for composites stitched with non-mendable fibres [105]. The steady-
state toughness increased rapidly with the stitch density, and at the highest stitch content (4 
stitches/cm2) the toughness was raised by more than 700%. This proves that stitching with 
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mendable EMAA filaments is an effective toughening technique for resisting large-scale 
delamination cracking. The improvement to the delamination toughness with increasing 
stitch density was due to the greater number of stitches within the crack bridging zone. 
Figure 7-8 shows that the bridging zone length increased with the stitch density, and 
consequently the number of bridging stitches within the zone also increased. As a result, the 
total traction load generated by the bridging stitches along the delamination increased 
resulting in the measured increase to the interlaminar fracture toughness. 
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Figure 7-7 Effect of EMAA stitch density on the mode I interlaminar fracture toughness values of 
crack initiation and steady-state crack growth for the composite in the original condition. The error 
bars represent one standard deviation. 
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(b) 
Figure 7-8 Effect of EMAA stitch density on the (a) length of the crack bridging zone and (b) number 
of stitches within the bridging zone for the original composite. The inset shows schematically the 
bridging traction zone in a stitched DCB specimen. The error bars represent the range of measured 
bridging zone lengths. 
 
The healing efficiency of the EMAA stitches is defined by the percentage recovery to the 
mode I interlaminar fracture toughness in after healing compared with before healing 
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condition. Healing of the delamination crack created during DCB testing of the original 
stitched composites was performed at 150oC, which is reported to be the optimum healing 
temperature for EMAA [65]. The interlaminar fracture toughness properties were then 
remeasured to determine the healing efficiency of the stitches. This process of delamination 
crack growth following healing was performed five times on each of the DCB specimens to 
evaluate the reuse of the stitches for multiple repair operations. 
 
It is important to note that the healing temperature (150oC) is higher than the cure 
temperature of the epoxy matrix to the stitched composites (120oC). This higher temperature 
will not adversely affect the healing reaction process. The amount of hydroxyl groups and 
tertiary amine groups created during cure will not be consumed with increasing cure at the 
healing temperature of 150oC. Once the reaction has entered the vitrified phase, further 
epoxy amine reaction will occur, but it will also compete with an etherification reaction. 
However this will not consume hydroxyl groups nor will it increase the concentration of 
tertiary amines groups. Consequently, the healing reaction process between the epoxy matrix 
and EMAA is not changed significantly. 
 
Figure 7-9 shows the effects of stitch density and number of healing operations on the 
fracture toughness values for crack initiation and steady-state delamination crack growth. 
Partial recovery of the interlaminar toughness for crack initiation was achieved by healing, 
with the stitches restoring between 25% and 40% of the original crack initiation toughness. 
This percentage recovery was found to be independent of both the stitch density and the 
number of healing operations. Figure 7-9b shows the stitches were more effective at 
restoring the steady-state fracture toughness, which was either fully restored (at the highest 
density of 4 stitches/cm2) or more than fully restored (at the other stitch densities) following 
the first healing operation. The efficiency of the first healing operation increased rapidly 
with decreasing stitch density, as shown in Figure 7-10. This reveals that the EMAA stitches 
were effective at restoring the steady-state interlaminar fracture toughness, even when their 
density was low. This healing effect was repeatable for multiple operations with no change 
or an improvement (for the stitch density of 1 stitches/cm2) to the interlaminar fracture 
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toughness. The results prove the high healing efficiency of long delamination cracks can be 
achieved by stitching with EMAA filaments. 
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(b) 
Figure 7-9 Effects of EMAA stitch density and number of healing operations on the mode I 
interlaminar fracture toughness for (a) crack initiation and (b) crack growth. The error bars represent 
one standard deviation. 
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Figure 7-10 Effect of stitch density on the healing efficiency following the first healing operation. 
Healing efficiency is defined as the mode I interlaminar fracture toughness after one healing 
operation relative to the toughness of the same stitched composite in the original condition. The error 
bars represent one standard deviation. 
 
Fractographic analysis of the DCB specimens revealed substantial changes to the 
morphology of the stitches and the condition of the delamination crack surfaces following 
healing. The stitches transformed from solid filaments into a highly porous material during 
the healing process, as shown in Figure 7-11. This transformation occurred because high 
pressure micro-bubbles formed within the stitches due to the low solubility limit of volatile 
compounds (such as water) created as by-products of the condensation reaction process 
between functional groups within the EMAA and epoxy matrix [64-66]. During healing the 
molten EMAA was forced to flow from the bridging stitches into the open delamination 
crack under the high-pressure exerted by the gas-filled bubbles, as shown schematically in 
Figure 7-12. Yang et al. [67] also observed that molten stitches ahead of the crack front 
flowed along the stitch rows into the delamination (Figure 7-13). This provided an added 
source of healing agent into the delamination beyond that supplied directly from stitches 
bridging the crack. Therefore, stitches not in direct contact with the delamination damage 
contributed to the healing process. EMAA sourced from stitches ahead of the crack front and 
the horizontal segments of the filaments, together with the volumetric expansion of the 
EMAA caused by gas-filled bubbles, resulted in healing agent spreading over a region of the 
delamination crack which was much larger than the area originally occupied by the stitches. 
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Figure 7-11 Porous microstructure of EMAA stitch material after healing due to the formation and 
expansion of micro-bubbles. 
 
 
 
(a) 
 
(b) 
Figure 7-12 Schematic representation of the healing process involving flow of molten EMAA from the 
stitches along the delamination crack under the pressure exerted by the gas-filled microbubbles. (a) 
Condensation reaction generating internal pressure within stitches. (b) Flow of EMAA from stitches 
into crack. 
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A- Flow of EMAA into delamination 
B- Bridging by EMAA stitch 
C- Healing agent supply from the interconnecting fibre 
D- Flow of EMAA under volatile pressure delivery mechanism towards crack 
Figure 7-13 Schematic of the delamination healing process in a stitched composite. The arrows 
indicate the flow directions of EMAA healing agent. From Yang et al. [67]. 
 
The wide-area flow of EMAA along the delamination is an important process controlling the 
healing efficiency of the stitches. Expansion and flow of the stitches was quantified by 
comparing the delamination crack area covered by EMAA after healing (Ah) to the original 
area occupied by the stitches along the crack plane before healing (Ao). These cross-
sectional were determined by measuring the average diameter of the EMAA flow on the 
fracture surface in each healing cycles.  Figure 7-14 shows the effects of stitch density and 
number of healing operations on the areal expansion ratio (Ah/Ao) of the stitches along a 
delamination crack. A large expansion of the stitches occurred during the first healing 
operation, with the expansion ratio increasing when the stitch density was reduced. That is, 
greater expansion occurred in the first healing operation with increased spacing between the 
stitches along the delamination crack. For example, the expansion ratio at the lowest stitch 
density (with a stitch spacing of 20 mm) was about ten times greater than at the highest 
stitch density (stitch spacing of 5 mm) during the first healing operation. The EMAA 
supplied by the stitches continued to expand along the delamination crack with the second 
and further healing operations, although the expansion rates were much slower than during 
the first event. As the EMAA provided from each stitch occupied a greater area of the 
delamination with each healing operation, it became progressively harder to expand because 
of the interactions between neighbouring stitches. The expansion ratio was lowest at the 
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highest stitch density after several healing cycles because the flow of healing agent from one 
stitch was impeded when it came into contact with EMAA flowing from neighbouring 
stitches. Lowering the stitch density increased the spacing between the stitches, and 
consequently the EMAA was able to flow unimpeded over a larger area before reaching the 
healing agent released by other stitches. 
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Figure 7-14 Effects of EMAA stitch density and number of healing operations on the stitch expansion 
ratio. 
 
It is speculated that the reduction in the expansion rate with each healing operation may also 
be due to a drop in the internal gas pressure within the EMAA micro-bubbles as it flows 
along the delamination. Meure et al. [65, 66] report that the functional acid groups in the 
EMAA are gradually depleted with each healing operation. Consequently there is a 
reduction in volatiles produced via the condensation reaction. This is expected to lower the 
pressure of gas-filled bubbles within the EMAA which in turn will weaken the force that 
causes healing agent to flow along the delamination crack. Another factor that can influence 
the healing efficiency with multiple repair operations is the contact between EMAA and 
epoxy resin at the crack surfaces. It can be expected that the intimacy of contact between the 
EMAA and the fracture surfaces would tend to reduce the healing efficiency, as it would 
never be as good as its original (as processed) state. 
 
Melting and flow of EMAA into the delamination changed the stitches from filaments 
aligned in the through-thickness direction into a thin film spread along the mid-plane of the 
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DCB specimen. This altered the type of crack bridging zone formed by the stitches during 
delamination crack growth in the healed composites. Figure 7-15 shows that after healing 
the crack bridging zone consisted of a dense network of thin EMAA ligaments between the 
stitches together with bridging by the repaired stitches, which healed by fusing together. 
This is different to the bridging zone in the original composite (i.e. before healing) which 
consisted of discrete EMAA filaments (as shown in Figure 7-6). This transformation to the 
crack bridging zone was responsible for the high recovery to the interlaminar fracture 
toughness of the stitched composites following healing. Furthermore, the bridging zone 
consisting of thin, closely spaced ligaments together with the stitches reformed during crack 
growth following each of the five healing operations, and this was the cause for the high 
retention in the healing efficiency with an increasing number of repair operations. 
 
 
(a) 
 
 
(b) 
Figure 7-15 Crack bridging zone to the healed stitched composite: (a) network of thin EMAA 
ligaments between the stitches and (b) schematic representation of the bridging zone consisting of 
refused stitches and thin ligaments between the stitches. 
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7.3.2 Static Traction Properties of EMAA Stitches 
Interlaminar toughening induced by the bridging zone in the stitched composites was 
assessed by measuring the mode I traction properties using the transverse tension test 
(Figure 7-4). Figure 7-16 shows bridging traction load–crack opening displacement curves 
measured for the stitched composite before and after healing. The traction load is the total 
force applied to the specimen divided by the original number of stitches (which was 21). 
The curve profiles were similar for the original and healed conditions, and show an initial 
rectilinear region during which the stitches (in the original material) or repaired stitches and 
ligaments (in the healed material) were elastically deformed until the maximum traction 
load. The traction load then decreased with further crack opening due to plastic deformation 
of the bridging stitches or ligaments until final rupture. The deformation and failure process 
of the bridging stitches/ligaments was identical to that observed in the DCB specimens, 
which indicates that the transverse tension test provides an accurate measure of the bridging 
traction load generated by EMAA stitches during mode I delamination crack growth. 
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Figure 7-16 Tensile traction load-crack opening displacement curves for the stitched composite 
before and after healing. 
 
The influence of the number of healing operations on the maximum traction load and 
traction energy generated by the bridging stitches/ligaments is shown in Figure 7-17. The 
traction energy defines the total energy absorbed during elastic and plastic deformation of 
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the stitches/ligaments, and was determined by the area under the traction load–crack opening 
curve. Within the bounds of experimental scatter, the maximum traction load did not change 
when the stitches transformed from discrete filaments (before healing) to repaired filaments 
and thin ligaments (after healing) nor does the load change significantly with increasing 
number of healing operations. There was, however, a reduction in the bridging traction 
energy (of between 20% and 35%) upon healing. The amount of traction energy needed to 
elastically deform the stitches was not changed by healing, and therefore the reduction in the 
total traction energy was due to a loss in the plastic deformation energy of the stitches. This 
loss was possibly caused by the high porosity of the EMAA during healing that lowered the 
toughness of the repaired stitches and bridging ligaments (Figure 7-11). 
0 1 2 3 4 5
0
10
20
30
40
50
M
ax
im
um
 T
ra
ct
io
n 
Lo
ad
 (N
)
To
ta
l T
ra
ct
io
n 
En
er
gy
 (N
.m
m
)
Number of Healing Operations
 maximum traction load
 total traction energy
 
Figure 7-17 Effect of number of healing operations on the maximum bridging traction load and total 
traction energy of the stitched composite. The error bars represent one standard deviation. 
 
The results presented in Figure 7-17 reveal that the transformation of the crack bridging 
process from filaments to a combination of repaired filaments and thin ligaments upon 
healing and the reformation of the bridging zone with each successive healing operation 
does not change the traction load (although the traction toughness energy was reduced). For 
this reason, the stitched composites were able to restore their mode I interlaminar fracture 
toughness after each healing operation. 
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7.3.3 Healing of Fatigue Delamination Cracks 
Figure 7-18 presents Paris curve plots showing the effect of the mode I cyclic stress intensity 
range (ΔGI) on the growth rate of delamination fatigue cracks in the unstitched and stitched 
composites when in their original condition. The stitch density for the so-called ‘lightly 
stitched’ and ‘heavily stitched’ composites was 0.25 stitches/cm2 and 4.0 stitches/cm2, 
respectively. There is large scatter in the crack growth rate data for both the unstitched and 
stitched composites because the delaminations displayed unstable slip (crack extension) – 
stick (crack arrest) behaviour. As mentioned in previous chapters, studies of fatigue cracking 
in carbon–epoxy composites and other types of brittle matrix polymer composites (without 
healing agent) also report scatter in delamination growth rates due to the unstable nature of 
slip–stick cracking [78, 84-86].  
 
Figure 7-18 shows that low density stitching did not change the delamination fatigue 
resistance of the carbon–epoxy composite over most of the cyclic stress intensity range. The 
crack growth rates for the unstitched and lightly stitched composites were the same (within 
the scatter range) at all cyclic stress intensity values below 300 J/m2, which is the critical 
strain energy release rate (GIc) for rapid crack growth in the unstitched material. In 
comparison, the heavily stitched composite showed a large improvement in fatigue 
resistance; with the delamination growth rate being (on average) about one order of 
magnitude slower than the unstitched material. Furthermore, fatigue-induced crack growth 
in the heavily stitched composite occurred at much higher cyclic strain energy release rate 
values (up to ΔGI = 1500 J/m2). This reveals that high-density stitching with EMAA has the 
dual benefits of increasing the delamination fatigue resistance and introducing healing agent 
into the composite. 
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Figure 7-18 Plots of fatigue crack growth rate against cyclic stress intensity range for the unstitched 
and stitched composites in their original condition (i.e. before healing). 
 
The fatigue-induced delamination crack in the lightly and heavily stitched composites were 
healed (at 150oC), and the crack growth rates were then remeasured (It is not possible to heal 
the fatigue crack in the unstitched composite by heating). Figure 7-19 shows the effect of 
number of healing operations on the fatigue crack growth rates for the lightly and heavily 
stitched composites, and the fatigue resistance (defined by the Paris curves) was fully 
restored. There was no significant loss in healing efficiency for multiple repair operations. 
The stitches restored the fatigue resistance by flowing into the delamination crack during 
healing (via the same healing process illustrated in Figure 7-12) and then forming a bridging 
traction zone during repeated fatigue crack growth. The stitches, which were refused during 
healing of the fatigue crack, and thin ligaments between the stitches, which are formed from 
healing agent released by the stitches into the delamination, generated crack bridging 
traction loads that restored the fatigue properties. The re-fused stitches and thin ligaments 
bridged the fatigue crack in the same manner observed for the static delamination crack (as 
illustrated in Figure 7-15(b)), although the length of the fatigue bridging zone was much 
shorter and the density of bridging ligaments along the crack was much lesser than observed 
for static cracking. The difference in length between the bridging zones for static and fatigue 
crack growth in the healed stitched composites is shown schematically in Figure 7-20. 
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(b) 
Figure 7-19 Effect of number of healing operations on the fatigue crack growth rate of the (a) lightly 
stitched and (b) heavily stitched composites. The solid curve shows the Paris curve calculated using 
the cohesive model. 
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(a) 
 
(b) 
Figure 7-20 Schematic illustrations comparing the typical length of the delamination bridging zone in 
the composite subjected to (a) static and (b) fatigue interlaminar loading. 
 
7.3.4 Creep Traction Properties of EMAA Stitches 
The cause for the differences in the bridging zone length and density of bridging ligaments 
under static and fatigue loading was investigated by transverse tension testing of the stitched 
material under static and fatigue loading conditions. Test specimens in the original and 
healed conditions were loaded in transverse tension to constant crack opening displacement 
values within the elastic region of the traction load–displacement curve. These values were 
0.11, 0.22 and 0.44 mm, which represent applied elastic loads of about 20%, 40% and 80% 
of the peak traction load. The loads generated by the bridging stitches were measured while 
the specimens were held at these constant crack opening values for 1000 s. Figure 7-21 
shows the effects of crack opening displacement (δ) and loading time (t) on the relaxation of 
the bridging traction loads before and after healing. The loads relax rapidly due to 
viscoelastic creep deformation of the EMAA filaments bridging the delamination crack. In 
other words, the traction load generated by the stitches was not constant, but was dependent 
on the loading time and the initial applied load. The relaxation time (τ) of the bridging loads 
due to viscoelastic flow is related to the loading time (t) and the initial applied load (Fo) via 
the expression 
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    [7-1] 
where F is the traction load at a defined time t. Calculated values for t are given in Figure 7-
21, and it was found that the relaxation times for the stitched composites were 
approximately the same before and after healing. As expected, τ decreased with the applied 
load for the stitches in both the original and healed conditions. 
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(b) 
Figure 7-21 Stress relaxation curves of EMAA stitches (a) before and (b) after healing. 
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7.3.5 Fatigue Traction Properties of EMAA Stitches 
The mode I fatigue life of the EMAA stitches was also assessed using the transverse tensile 
test. Specimens were fatigued in displacement control at crack opening displacement values 
of 0.12, 0.18, 0.26, 0.35 and 0.44 mm at a frequency of 10 Hz. The traction load generated 
by the stitches decreased with increasing number of loading cycles, as shown in Figure 7-22. 
The traction load decreased rapidly over the initial 100–1000 load cycles at the highest crack 
opening displacement. Reducing the opening displacement increased the number of load 
cycles required to significantly reduce the stitch traction load. This behaviour is also 
attributed to viscoelastic deformation of the stitches with each load cycle, causing a 
progressive reduction in their residual strength. The relationship between the traction load 
and the number of load cycles can be expressed as 
 ( )
o
ch
N
oP N P e



   [7-2] 
where Po and P(N) denote the traction load at beginning and after N loading cycles. 
Parameters δo and δch are the crack opening displacement at first loading cycle and the 
characteristic crack opening displacement [115]. By curve fitting the experimental data, the 
characteristic crack opening displacement, δch, was found to depend on δo by the following 
relation: 
 ( )477.05 oCch e
    [7-3] 
where C equals to 2.407 mm-1. The number of load cycles to fully degrade the bridging 
traction load before and after healing was measured for the different crack opening 
displacement values, and the results are presented in Figure 7-23. There is an improvement 
in the fatigue response of the stitches after healing, and presumably, this is due to the 
contribution of the thin ligaments in carrying the applied interlaminar fatigue stress. 
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(b) 
Figure 7-22 Traction load-number of loading cycle curves for the EMAA stitches (a) before and (b) 
after healing. 
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Figure 7-23 Fatigue life curve of EMAA stitches before and after thermally activated self-healing. The 
horizontal bars indicate the measured scatter in the number of load cycles to failure 
 
7.3.6 Fatigue Delamination Growth Prediction Using Cohesive Model 
The fatigue delamination growth of the stitched composites after thermally activated self-
healing can be predicted using cohesive model developed by Turon et al [116] . This model  
treats the crack growth rate, da/dN, as the sum of the damage area growth rate of all 
cohesive elements along the crack 
 1 CZ d
e
A dAda
dN b A dN
  [7-4] 
where ACZ, Ae and dAd/dN are the cohesive zone area, cohesive element area and mean 
damage area growth rate, respectively. The damage area, Ad, is defined as [116] 
 [1 (1 )]d e
u
A A D

    [7-5] 
where D, δ and δu are scalar damage variable, traction displacement and crack opening 
displacement at peak traction load, respectively. The scalar damage variable can be 
determined by initially defining the traction stress as 
 ( ) (1 )oP N K d    [7-6] 
where Ko is the traction stiffness. 
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From fatigue transverse tension tests, the cyclic loading tests were conducted under 
displacement control; hence, the traction displacement at first loading, δo, in equations 7-2 
and 7-3 will be equal to traction displacement, δ. Also, assuming no local damage (i.e. 
softening behaviour) occurred to the EMAA ligaments and refused stitches during the first 
reloading; hence 
 o oP K   [7-7] 
In the constitutive model, the maximum strain energy release rate, GI,max, and cyclic stress 
intensity range, ΔGI, under displacement control in the Paris regime can be calculated using 
[116] 
 ,max ,min I IG G G    [7-8] 
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G
  [7-10] 
where σo and δf are the peak traction stress and the ultimate displacement, respectively. In 
the modified beam theory: 
 
2 2 2 2
,max 2 3
96
I
P a P aG
bIE b t E
    [7-11] 
where P, a, b, t, I and E are the applied load, crack length, DCB test specimen width, DCB 
test specimen thickness, second moment of inertia, and Young’s modulus, respectively. 
Combining, equations 7-8 to 7-11, the traction displacement, δ, can be written as 
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      [7-12] 
Using the above analysis, the delamination fatigue growth rate, da/dN, can be determined. 
The solid curve in Figure 7-19 shows the Paris curve for the stitched composites after 
healing calculated using the cohesive model. The calculated curves compare favourably with 
the measured data. This reveals that the delamination growth rate in the mendable stitched 
composites can be accurately predicted using cohesive modeling. 
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7.4 CONCLUSIONS 
This study has shown that through-the-thickness stitching of carbon–epoxy composite 
material with mendable EMAA filament provides the synergistic combination of high 
interlaminar fracture toughness and fatigue resistance, together with healing properties for 
the in-situ repair of delamination cracks. The study has determined the effect of stitch 
density on the mode I delamination toughness and fatigue resistance and healing properties 
of composites. Through-the-thickness stitching using EMAA filament increased the 
interlaminar fracture toughness and fatigue resistance by forming a crack bridging traction 
zone along the delamination. This toughening process was the same as for composites 
stitched with non-mendable fibres (such as carbon or Kevlar). The fracture toughness and 
fatigue resistance increased with stitch density due to the increase in traction load arising 
from a greater number of stitches within the crack bridging zone. The study has shown that 
stitching with EMAA filaments is an effective interlaminar toughening method for 
restricting mode I delamination crack growth in mendable composites, which thereby 
reduces the amount of damage that must be repaired via the healing process. 
 
The stitches were highly effective at repairing delamination damage and restoring the mode 
I interlaminar fracture toughness and fatigue propeties. Heating the delaminated composite 
at healing temperature activated the repair process that involved a condensation reaction 
between methacrylic acid in the EMAA stitches and hydroxyl groups in the epoxy matrix 
with tertiary amine in the epoxy matrix acting as a catalyst. The reaction led to the formation 
of high pressure micro-bubbles that forced molten healing agent to flow from the stitches 
into the delamination. The EMAA was capable of spreading over an area of the 
delamination crack many times greater than the original stitch size. This occurred because 
the micro-bubbles force healing agent to flow a long distance inside the delamination. As a 
result, healing of long delamination cracks using a low stitch density was possible. 
 
The interlaminar fracture toughness and fatigue resistance of the healed composite was 
similar or greater than the original stitched material because the healing agent formed a 
crack bridging traction zone consisting of repaired stitches and a dense network of thin 
ligaments between the stitches. The bridging traction load generated by these repaired 
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stitches and ligaments were similar to the load of the original stitches, and this resulted in 
the composite retaining high fracture toughness after healing. The crack bridging traction 
zone can be reformed after each healing operation of a delamination, thereby maintaining 
high toughness and fatigue resistance over multiple repair operations. 
 
The traction loads generated by the stitches and ligaments relax rapidly under constant or 
cyclic loading for a sustained period of time, and this controls the length and structure of the 
bridging zone, which restores the interlaminar fracture toughness and fatigue resistance of 
the composite. The delamination growth rates of the stitched composites under cyclic 
loading can be predicted using cohesive modelling. Prediction by cohesive model matched 
with the test results throughout five healing cycles. 
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CHAPTER 8:  
EFFECT OF MENDABLE THERMOPLASTIC STITCHING ON THE 
MECHANICAL PROPERTIES OF CARBON-EPOXY COMPOSITES 
 
Abstract 
This chapter presents an investigation into the effect of thermoplastic stitching on the in-
plane tensile and compressive properties of mendable carbon fibre-epoxy composites. 
Research described in the previous chapter showed that stitching with EMAA filament is an 
effective method for providing composites with both high interlaminar fracture toughness 
(to resist delamination cracking) and mendable properties (to heal delaminations when they 
occur).  However, experimental and finite element analysis presented in this chapter shows 
that stitching reduces the elastic and strength properties. This is due to a reduction in the 
volume content of carbon fibres and the creation of microstructure defects caused by 
stitching. The in-plane properties decrease progressively with increasing areal density of 
thermoplastic stitches. FE modelling of the stitched composites gives an accurate prediction 
of the stiffness properties and a reasonable prediction of the strength properties.  
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8.1 INTRODUCTION 
It is desirable for composite materials to possess the synergistic combination of high 
interlaminar fracture toughness properties (to resist delamination cracking) with mendable 
properties (to repair delaminations and recover the interlaminar fracture toughness). As 
reported in Chapter 2, Yang et al. [67] recently developed a new type of carbon fibre-epoxy 
composite that contains a stitched network of mendable thermoplastic (EMAA) filaments 
which provide both high interlaminar fracture toughness and mendable properties. The 
stitches increase the mode I interlaminar fracture toughness by forming a large-scale 
bridging traction zone along delamination cracks. The stitches are also able to heal 
delaminations and restore the interlaminar fracture toughness. Research work presented in 
the previous chapter showed that the toughness and mendable properties were dependent on 
the areal density of EMAA stitches. The interlaminar fracture toughness, fatigue resistance 
and healing efficiency increased with the stitch density.  
 
Despite these beneficial properties gained by stitching with thermoplastic filaments, the 
effect of stitches on the in-plane mechanical properties of mendable composites are not 
known. Based on research into the mechanical properties of composites reinforced with 
high-strength stitches or rods (with non-healing properties), it is expected that thermoplastic 
stitching may be detrimental to the stiffness and strength. Mouritz et al [107, 114, 117, 118] 
have shown that stitching can improve, degrade or leave unchanged the mechanical 
properties of composites (which do not have mendable properties). The mechanical 
properties can be increased by the stitches compacting the plies and thereby increasing the 
fibre content of the composite. The properties are reduced by microstructural damage caused 
by the stitching process, which includes fibre crimping, ply waviness, fibre fracture, matrix 
cracking and resin-rich zones. These types of defects are difficult to avoid using most 
stitching processes, and can lower the stiffness and strength by as much as 15-20%. 
 
This chapter aims to investigate the effect of stitching with thermoplastic filaments on the 
tensile and compressive properties of a mendable carbon fibre-epoxy composite. Changes to 
these properties are dependent on microstructural changes caused by stitching. For this 
reason, the effect of stitching on the microstructure of the mendable composite is 
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investigated. Experimental testing and numerical modelling is used to determine the effect 
of stitch density on the tensile and compressive properties.  
 
8.2 COMPOSITE MATERIALS AND RESEARCH METHODOLOGY 
8.2.1 Manufacturing and Microstructure of Composites 
The study was performed on the stitched composites described in the previous chapter. The 
carbon-epoxy prepreg and stitching conditions used in this study are the same as those 
described in Chapter 7. The materials tested were the unstitched composite and the 
composites stitched at areal densities of 0.25, 1.6 and 4.0 stitches/cm2. The carbon fibre 
content and thickness of the materials are given in Table 8-1. The thickness was increased 
slightly (up to 9%) by stitching due in part to the space occupied by the stitched network. 
The carbon fibre contents were determined by calculating the fibre volume fraction using 
rules-of-mixtures. 
 
Table 8-1 Physical properties of unstitched and stitched carbon-epoxy composite specimens. 
EMAA Stitch 
Density 
(stitches/cm2) 
Carbon Fibre 
Volume Fraction 
Composite 
Thickness (mm) 
Out-of-Plane 
Fibre Crimping 
Angle* (Degree) 
0 
0.25 
1.0 
4 
0.53 ± 0.01 
0.51 ± 0.01 
0.48 ± 0.01 
0.40 ± 0.02 
4.26 ± 0.03 
4.30 ± 0.04 
4.47 ± 0.08 
4.64 ± 0.07 
- 
11.0 ± 4.0 
11.0 ± 2.0 
17.0 ± 2.0 
 *Out-of-plane fibre crimping angles around the EMAA filament interconnection (40 measurements for each 
stitch density) 
 
As mentioned, changes to the microstructure caused by stitching are known the control 
changes to mechanical properties such as stiffness and strength. For this reason, optical and 
scanning electron microscopy was performed on the stitched composites to determine the 
types of microstructural defects created by the stitching operation. It was found that stitching 
caused in-plane fibre waviness, out-of-plane fibre crimping, fibre breakage, and resin-rich 
regions. These defect types are common to stitched materials, and are difficult to avoid with 
conventional stitching methods [107].   
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Carbon fibre crimping caused by the EMAA stitched network is shown in Figure 8-1. 
Crimping only occurred at the EMAA filaments which interconnected the stitch rows as 
indicated in Figure 8-1. The crimping angles of fibres close to the interconnecting filaments 
are large (11o -17o), and are given in Table 8-1. There was little/no fibre crimping away 
from the interconnecting filaments, and therefore the damage was localised. Non-mendable 
stitched composites experience crimping close to the segments of stitches aligned in the 
through-thickness direction [107], however this did not occur with the stitched composites 
studied here. During the curing process the thermoplastic stitches melt and this allows the 
crimped fibres to relax and deflect back to their original (non-crimped) orientation under the 
pressure applied during manufacture. Therefore, crimping of fibres away from the 
interconnecting filaments did not occur. 
 
 
(a) 
 
(b) 
Figure 8-1 (a) Schematic Illustration of the stitched network indicating the location of fibre crimping. 
(b) Optical image EMAA interconnecting filament region in a stitched composite showing localised 
ply crimping. 
Laminate EMAA 
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Out-of-plane 
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In-plane carbon fibre waviness around the stitches, as shown in Figure 8-2, was another 
common type of microstructural damage. During the stitching process, the carbon fibres 
within the uncured prepreg were pushed aside by the needle, and this created a region of 
fibre waviness localised around each stitch. The deviation angle of the wavy carbon fibres 
was measured to be 11.5 ± 3.5o. Small tapered voids were created on both sides of each 
stitch caused by the displacement of carbon fibres. The voids were aligned along the fibre 
direction, and therefore voids in the 0o plies were aligned normal to those in the adjoining 
90o plies. The stitches became molten during curing because the melting temperature of 
EMAA (83oC) is below the cure temperature of the carbon–epoxy prepreg (120oC). As a 
result, EMAA flowed into the void spaces which changed the geometry of the stitches from 
a rectangular to eyelet shape, as illustrated in Figure 8-3.  
 
 
Figure 8-2 In-plane fibre waviness within the plies caused by an EMAA stitch. 
 
 
(a) 
 
(b) 
Figure 8-3 Schematic planar view of an EMAA stitch within the composite: (a) before and (b) after 
curing. (a) Rectangular-shaped stitch before curing with void spaces adjacent to the stitch caused by 
fibre waviness. (b) Eyelet-shape stitch after curing due to flow of molten EMAA into the void spaces. 
 
1 mm 
CHAPTER 8 
EFFECT OF MENDABLE THERMOPLASTIC STITCHING ON THE MECHANICAL PROPERTIES OF CARBON-EPOXY 
COMPOSITES 
 
 
KHOMKRIT PINGKARAWAT          
      167  
Fibre breakage occurred close to the stitches, and was caused by abrasion as the needle and 
thermoplastic thread slid against the fibres during the stitching process. Examples of fibre 
breakage are shown in Figure 8-4. Fibre damage may also occur by the needle tip crushing 
the fibres. Due to the tackiness of the uncured polymer matrix, the carbon fibres are not 
easily displaced by the needle during stitching and fibres that cannot be pushed aside could 
be crushed. 
 
 
Figure 8-4 Fibre fracture in the stitched composites. 
 
8.2.2 Mechanical Testing of Composites 
The tensile modulus and strength of the unmodified (without stitches) and stitched carbon 
fibre-epoxy composites were measured according to ASTM D3039 specifications. The 
specimen dimensions were 220 mm in length x 30 mm in width. E-glass fibre-epoxy 
composite tabs were bonded to the specimen ends to prevent the composite from failing 
within or close to the grips to the tensile loading machine. Each test coupon had a gauge 
length of 100 mm, which is the region where the stitches were located. An extensometer was 
attached at the middle of the gauge region and the test specimen was loaded using an MTS 
(Model 312.31 250 kN capacity) machine at the displacement rate of 1 mm/min until failure. 
Five samples of each type of composite were tested to obtain the average value and scatter 
to the elastic and strength properties.  
 
The compressive properties were measured using the NASA short block compression test. 
The specimen dimensions were 55 mm long and 30 mm wide. The sample was put in the 
100 µm 
Stitch 
hole 
Fibre 
fracture 
Laminate 
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NASA short block compression test fixture which an unsupported gauge length of 25 mm. 
The relatively high thickness-to-length ratio minimised buckling of the samples during 
testing. An extensometer was attached to the sample to record the strain. The sample with 
the test fixture was compressed at an end-shortening rate of 0.5 mm/min using the MTS 
machine until failure. Five samples of the unstitched material and different types of stitched 
composite were tested using this procedure.  
 
8.3 NUMERICAL MODELLING OF COMPOSITES 
Finite element (FE) models were created to numerically analyse the effect of stitching on the 
mechanical properties of the carbon-epoxy composite. The FE analysis was performed using 
Abaqus (Version 6.11). Models of representative volume elements (RVE) were generated 
for composites with and without stitches, as shown in Figure 8-5. The geometry of each 
model was idealised based on the microstructure of the composite. The RVE give a 
complete through-thickness representation of the microstructure and a one-quarter 
representation in the planar direction. Because the microstructure of the stitched composites 
is symmetric in the 0o and 90o in-plane directions, the one-quarter RVE is the smallest unit 
cell size that gives a complete representation of the microstructure.  The dimensions of the 
RVEs are given in Table 8-2. The unmodified and stitched composite models were assumed 
to have the same thickness (4.2 mm), although stitching did cause thickening effect (as 
shown in Table 8-1), hence the model does not capture the effect of the reduction in fibre 
volume content with EMAA stitch density. It was assumed that each carbon fibre-epoxy ply 
had a thickness of 0.21 mm.  
 
The RVEs for the stitched composites included fibre crimp, fibre waviness, and resin-rich 
regions. The fibre crimp angle for each stitched composite was taken from Table 8-1 to 
correlate with the actual microstructure of these materials. The in-plane fibre waviness at the 
EMAA stitches was assumed to reduce linearly from a maximum angle (of 11o) to zero at 
the edge of the RVE. The size and shape of the resin-rich region next to the stitch was 
matched to the actual dimensions determined from microstructural analysis of the stitched 
specimens. 
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A ply level meshing scheme with continuum shell elements for the carbon fibre-epoxy ply 
layers and solid elements for the EMAA stitches and resin rich region was used in the RVEs. 
The material coordinate system for the ply elements was defined using the element 
geometry. Boundary conditions were applied to represent the periodic nature of the RVE 
model [94]. The boundary conditions are shown in Figure 8-6, where the periodic boundary 
conditions were applied by maintaining the displacement of each face plane. 
 
  
 
       (a)            (b) 
 
(c) 
 
Figure 8-5 RVE Model (a) unmodified composite, (b) mendable stitched composite and (c) EMAA 
region. 
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Table 8-2 Dimensions of the RVE models for the unmodified and stitched composites. 
EMAA Stitch 
Density 
(stitches/cm2) 
Width (mm) Length (mm) Thickness (mm) 
0 
0.25 
1.0 
4 
5 
10 
5 
2.5 
5 
10 
5 
2.5 
4.2 
4.2 
4.2 
4.2 
 
 
Figure 8-6 RVE boundary conditions 
 
Abaqus progressive damage model for fibre-reinforced composite materials [95], which is 
described in chapter 6, was applied to the carbon fibre-epoxy ply elements to analyse the ply 
failure modes. The fracture energy (Gc) for each failure mode is given in Table 8-3 and the 
material properties used to solve the model are provided in Table 8-4. 
 
Table 8-3 In-plane fracture toughness (kJ/mm2) for carbon fibre-epoxy composite. 
Property Value Note 
Gft 91 Measured 
Gfc 79 Measured 
Gmt 0.15 Measured 
Gmc 0.45 Measured 
 
 
u (0,y,z) = 0 mm 
w (x,y,0) = 0 mm 
w (x,y,4.2) = 0 
v (x,y,z) = 0 mm 
u (x,y,z) = 0.5 mm 
Z, w 
X, Y, 
v (x,0,z) = 0 mm 
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Table 8-4 Physical properties of the composite materials. 
Property Value Note 
E1t 
E2t 
E1c 
E2c 
G12 
G13 
G23 
12 
XT 
XC 
YT 
YC 
S12 
S23 
105.01 GPa 
6.47 GPa 
113.0 GPa 
7.47 GPa 
3.94 GPa 
3.94 GPa 
3.94 GPa 
0.32 
1820.0 MPa 
720.0 MPa 
40.0 MPa 
181.7 MPa 
85.7 MPa 
85.7 MPa 
Measured 
Measured 
Measured 
Measured 
Measured 
Measured 
Assumed same as G12 
Measured 
Measured 
Measured 
Measured 
Measured 
Measured 
Assumed same as S12 
 
8.4 RESULTS AND DISCUSSION 
8.4.1 Experimental Testing 
The effect of stitch density on the measured stress-strain response of the composite under 
tensile and compressive loading is shown in Figure 8-7. The curves show that the stiffness 
and failure stress of the composite decreased with increasing stitch content. The curves also 
show that the unstitched composite deformed elastically until failure, with no signs of 
inelastic deformation behaviour. In contrast, the curves for the stitched composite were 
elastic at low tensile strains and inelastic at higher tensile strains indicating plastic 
deformation prior to tensile failure. The arrows in Figure 8-7a indicate the stresses when the 
stitched composites began to inelastically deform under tensile loading. This behaviour is 
commonly observed in the tensile stress-strain curves of textile composites, and is due to 
plastic straightening of load-bearing fibres or tows. Under increasing tensile stress the wavy 
tows in textile composites straighten slightly toward the load direction via plastic shear 
deformation of the polymer matrix, and this is reflected by an inflection point in stress-strain 
curve. Similar behaviour is believed to occur with the stitched composites due to the 
presence of misaligned fibres. It is believed that the inflection points in the tensile stress-
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strain curves for the stitched composites were caused by partially straightening of the fibres 
with the highest waviness, which is the crimped tows near the interconnection points. 
 
(a) 
 
(b) 
Figure 8-7 Stress-strain curves of unmodified and mendable stitched composites in (a) tension and 
(b) compression 
 
Figure 8-8 shows the effect of stitch density on the tensile and compressive properties of the 
composite. The data points show the measured property values and the curves show the 
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properties calculated using the FE model. The stiffness and strength properties decrease at a 
non-linear rate with increasing stitch content. This behaviour is consistent with studies that 
show stitches or z-pins decrease the mechanical properties of composites [107, 114, 118]. 
The results also show that the percentage reduction in tensile strength due to stitching is 
lower than for compression strength. 
 
 
(a) 
 
(b) 
Figure 8-8 Effect of stitch density on the (a) elastic modulus and (b) failure stress values of the 
composite. The data points and curves are the property values determined by experimental testing 
and FE analysis, respectively. 
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The reduction to the tensile and compressive modulus due to stitching is almost certainty 
caused by the reduced fibre volume content and the fibre/ply waviness. Other 
microstructural defects caused by stitching, such as broken fibres, are expected to have a 
smaller detrimental influence on the stiffness properties. Assuming that the tensile and 
compressive modulus are linearly related to the volume content of load-bearing carbon 
fibres in the composite, then it is possible to estimate the reduction to the stiffness and 
strength properties caused by stitching.  Figure 8-9 shows the effect of increasing stitch 
content on the tensile and compressive modulus of the composite determined experimentally 
(data points) and calculated using rule-of-mixtures (curves). In this calculation it is assumed 
the stiffness loss is caused solely by the reduced fibre content due to the stitching. The 
calculation shows that the tensile or compressive modulus decreased with EMAA stitch 
density due to the reduction in carbon fibre content in the mendable stitched composite. 
However, the stiffness calculated by rule-of-mixtures was higher than the experimental 
values. It is expected that offset between the elastic modulus from experiment and 
theoretical calculation are stiffness reduction values caused by the microstructural defects 
induced by the EMAA stitch network. Waviness and crimping of the load-bearing tows will 
also reduce the stiffness properties. The volume fraction of the stitched composites 
containing regions of misaligned tows increases with the stitch content, resulting in a 
corresponding reduction to the stiffness properties.  
 
 
Figure 8-9 Effect of increasing stitch content on the tensile and compressive modulus of the 
composite determined experimentally (data points) and calculated using rule-of-mixtures. 
0
10
20
30
40
50
60
70
80
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
El
as
tic
 M
od
ul
us
 (G
Pa
)
Stitch Density (Stitched/cm2)
Tension (Experiment)
Compression (Experiment)
Tension (Theoretical)
Compression (Theoretical)
CHAPTER 8 
EFFECT OF MENDABLE THERMOPLASTIC STITCHING ON THE MECHANICAL PROPERTIES OF CARBON-EPOXY 
COMPOSITES 
 
 
KHOMKRIT PINGKARAWAT          
      175  
The unstitched composite failed by fibre fracture of the load-bearing (0o) plies with 
significant matrix cracking in the 90o plies under tension loading (Figure 8-10a). The 
fracture process was confined to a small region of the tensile specimen, and extensive 
delamination cracking or longitudinal splitting did not occur. The tensile failure mode was 
altered by the stitches, irrespective of their volume content. The stitches initiated cracking 
prior to final rupture due to in-plane waviness and out-of-plane crimping of the load-bearing 
fibres and plies. The wavy plies will attempt to straighten in the loading direction and this 
generates a high shear stress in the surrounding polymer matrix. This can create 
delamination cracks, which can be observed in the fractured stitched specimens (Figure 8-
10b), which lead to final fracture. It is also possible that the broken fibres caused by 
stitching reduced the tensile strength of the stitched materials. The amount of fibre breakage 
and fibre waviness/crimp increases with the volume content of the stitches, and this accounts 
for the corresponding reduction in the tensile strength. This failure behaviour has been 
reported for non-mendable stitched composites under tensile loading [117, 119]. 
 
(a) 
 
(b) 
Figure 8-10 Fracture tensile specimens of the (a) unstitched and (b) stitched composites. 
 
Both the unstitched and stitched composites failed via ply kinking and microbuckling under 
compression loading. The critical compressive stress to induce kinking in unidirectional 
composite decreases with increasing misalignment of the load-bearing fibres [120]. In 
regions of high fibre misalignment, such as the crimped and wavy fibres in the stitched 
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composites, an axial shear stress is generated under compression. The magnitude of the 
shear stress increases with the fibre misalignment. The shear stresses cause the polymer 
matrix to plastically deform, and this initiates a kink band in the surrounding fibres. The 
load-bearing fibres within the kink band rotate under increasing compressive strain until 
they break, resulting in compressive failure of the composite. Due to the crimped and wavy 
fibres in the stitched composites, the applied stress needed to initiate the kink band by shear 
deformation of the epoxy matrix is reduced, thereby resulting in the measured reduction in 
the compressive strength. The reduction in the carbon fibre content due to stitching will also 
contribute to the lower compressive failure stress of the stitched composites. 
 
(a) 
 
(b) 
Figure 8-11 Images showing fractured regions of (a) unstitched and (b) mendable stitched 
composites under compressive loading. 
 
From Figure 8-8, the tensile and compressive properties of the mendable stitched composite 
decreases with EMAA stitch density and this is attributed to the thickening effect (decrease 
in carbon fibre content) and interaction between EMAA interconnecting filaments. As the 
mendable stich density increases, EMAA interconnecting filaments will come close to each 
other and this result in an increase in the out-of-plane fibre crimping angle around them, 
which can be shown in Table 8-1. This increase in fibre crimping angle and thickening 
effect with stitch density led to the further reduction in tensile and compressive properties of 
the mendable stitched composites. 
1 mm 
1 mm 
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8.4.2 Numerical Modelling 
The tensile and compressive properties of the unstitched and mendable stitched composites 
calculated using the FE model are shown by the curves in Figure 8-8. These properties were 
calculated using the average values for fibre crimping (Table 8-1) and fibre waviness (11o).  
The numerical predictions for the tensile and compressive modulus of the stitched 
composites are within 10% of the experimental results. The reduction to the stiffness in 
tension or compression induced by stitching is almost certainty caused by the reduced fibre 
volume content and the fibre/ply waviness. However, the FE model only accounted for the 
microstructure defects including, the in-plane fibre waviness and out-of-plane fibre 
crimping.  Hence, to also account for the reduction in elastic modulus due to the thickening 
effect (reduction in fibre volume content) caused by stitching, the stiffness values from FE 
model were subtracted by the offset values of the modulus from the experiment and rule-of-
mixtures calculation (Figure 8-9). The tensile and compressive modulus of the unstitched 
and mendable stitched composites from FE model combined with rule-of-mixtures 
calculation are shown by the curves in Figure 8-12. The predictions for the elastic modulus 
in tension or compression of the stitched composites are in good agreement with the 
experimental results (within 10%). 
 
 
Figure 8-12 Effect of stitch density on the elastic modulus of the composite. The data points and 
curves are the property values determined by experimental testing and prediction (FE model and 
rule-of-mixture calculation), respectively. 
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The FE model was able to estimate the tensile failure stress of the stitched composites; with 
an error of 11%-13% when compared with the experimental data. The model was less 
accurate in the calculation of compressive strength, particularly at the intermediate and 
highest stitch densities when the error was nearly 30%.  
 
There are numerous sources of error that could explain the discrepancy between the 
calculated and measured compressive strengths of the stitched composites. The FE analysis 
ignores the influence of voids, broken fibres, thickening effect (reduction in carbon fibre 
content), and thermal residual stress (during manufacturing) which can reduce the 
mechanical properties. Another important error source is using the average angles for fibre 
waviness and crimp. During fabrication the EMAA filaments were manually stitched in the 
through-thickness direction of the prepeg preform. Variations in the microstructure of the 
stitched composite, such as scatter in the amount of ply crimping and fibre waviness, occur 
due to the manual stitching process. For example, Figure 8-13 shows probability distribution 
plots of the measured ply crimp angle for the composites with different stitch densities. 
These plots show the crimp angle is not constant, but varies over a wide range. Mouritz and 
Cox [107] suggest that when the compressive failure process of stitched composites is 
controlled by kinking then the failure stress is determined by the most severely misaligned 
region. Rather than each region around each stitch failing concurrently by kinking, Mouritz 
and Cox believe the most severely distorted fibres will initiate kinking failure of the entire 
composite, and the less distorted regions have no significant influence on the compressive 
failure stress. For this reason, further FE simulations were conducted on the stitched 
composites in which the maximum crimp angle, rather than the average angle, was used to 
calculate the compressive failure stress. Table 8-5 shows that this reduces the calculated 
compressive stress of the stitched composites and therefore the percentage error in the FE 
analysis.  Except for the most heavily stitched composite, the calculated compressive 
strength values are now close (within ~10%) of the measured values when it is assumed the 
most heavily crimped fibres determine the failure stress.  
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Figure 8-13. Cumulative probability plots of ply crimp angle for the stitched composites. 
 
Table 8-5 Compressive strength of 0.25, 1.0 or 4.0 stitches/cm2 mendable stitched composites from 
experimental testing (Exp), FE modelling with average crimping angles or FE modelling with 
maximum crimping angles.  
EMAA Stitch 
Density 
Compressive Strength 
Exp (MPa) 
FE with Average 
Crimp Angles 
(MPa) 
%Error (%) 
FE with Maximum 
Crimp Angles)  
(GPa) 
%Error (%) 
0.25 
stitches/cm2 
373.0±21.9 394 5 393 5 
1.0 
stitches/cm2 
296.8±18.5 388 30 332 11 
4.0 
stitches/cm2 
249.9±18.6 332 33 306 20 
Note 0.25, 1.0 or 4.0 stitches/cm2 mendable stitched composite has a maximum fibre crimping angle of ~19o, 
~19o and ~25o,respectively. 
 
The failure behaviour of the mendable stitched composite under tensile or compressive 
loading was investigated via FE damage modelling (Figure 8-14). The FE model predicts 
that damage begins well before reaching the failure stress. Damage initiates at the polymer-
rich regions near the top and bottom of the stitch (location A in Figure 8-14) where the in-
plane fibre waviness is highest. At the same stress, damage also initiates at the EMAA 
interconnection region (location B in Figure 8-14), where out-of-plane crimping is high. The 
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FE model predicts that under increasing load the damage extends from these locations into 
the composite, thereby lowering the failure stress. This progressive failure pattern was 
computed for the composites reinforced at the different stitch densities under tensile or 
compressive loading. This demonstrates that failure is controlled by in-plane fibre waviness 
and out-of-plane fibre crimping caused by the stitches. Minimising the amount of fibre 
waviness and crimp by using a more controlled stitching process or thinner stitches is 
expected to result in higher tensile and compressive properties for the stitched composites. 
 
 
(a) 
 
(b) 
 
Figure 8-14 Damage model fibre fracture damage index of mendable stitched composite under (a) 
tension and (b) compression loading. Note that tensile or compressive loading is along the x-axis. 
The scale indicate the damage index, F, where F=1 representing complete failure. 
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The effect of varying the angle of fibre crimping and fibre waviness on the tensile and 
compressive properties (i.e. strength and stiffness) of the mendable stitched (1.0 
stitches/cm2) composite was conducted using the FE model, and the results are shown in (c)
      (d) 
Figure 8-15. The rate of degradation in the mechanical properties from fibre crimping due to 
interconnecting EMAA filament was more than the effect from fibre waviness. This is 
because the interconnecting filaments is aligned across the specimen and therefore crimp the 
load-bearing plies.  
 
 (a) 
                                                     (b) 
 
(c)      (d) 
Figure 8-15 Effect of varying fibre crimping and in-plane fibre deviation angles in terms of (a) 
tensile strength, (b) compressive strength, (c) tensile Young’s modulus and (d) compressive 
modulus of the mendable stitched (1.0 stitches/cm2) composite. 
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8.5 CONCLUSIONS 
The effect of stitching with mendable thermoplastic filaments (EMAA) on the tensile and 
compressive properties of carbon fibre-epoxy composite has been determined. The 
microstructure is changed by stitching, with increased in-plane fibre waviness and out-of-
plane fibre crimp, reduced fibre content, and broken and damaged fibres. These defects 
reduce the stiffness and strength properties of mendable stitched composites.  
 
The tensile and compressive properties of the composite decreased with increasing stitch 
density. The elastic modulus was reduced by waviness and crimping of the load-bearing 
fibres together with the reduced fibre content. These defects were also responsible for the 
reduction in compressive strength, particularly ply crimping which lowered the stress to 
initiate compressive failure by kinking. The tensile strength was reduced by the lower fibre 
content and crimping, waviness and breakage of the load-bearing fibres. The volumetric 
density of microstructural defects increases with the areal density of the stitching, and for 
this reason the mechanical properties decreased with increasing stitch density.  
 
FE analysis using progressive damage modelling can predict with reasonable accuracy 
(within ~10%) the mechanical properties of stitched composites, with the exception of 
compressive strength which is strongly influenced by small changes in the ply crimp angle. 
The modelling revealed that damage initiates close to the stitches, and then propagates 
towards the non-stitched regions of the composite under increasing tensile or compressive 
loading, thereby reducing the failure stress. 
 
This study investigated the mechanical properties of stitched carbon-epoxy prepreg 
composites. Prepregs are more susceptible to stitching damage than dry woven fabrics, and 
therefore reductions to the mechanical properties are expected to be less for woven 
composites containing mendable stitches. However, further research is required to determine 
whether stitching is less damaging to the microstructure and mechanical properties of woven 
composites. The reduction to the properties may also depend on other parameters, such as 
the stitch diameter and stitching method, and these are also worthy of further investigation.  
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CHAPTER 9:  
SUMMARY, CONCLUSIONS AND FURTHER RESEARCH 
 
9.1 MAJOR CONCLUSIONS 
9.1.1 Healing and Toughening Performance of Poly [Ethylene-co-
(Methacrylic Acid)] (EMAA) Thermoplastic In Carbon-Fibre Epoxy 
Composites 
This PhD study shows experimentally that the thermoplastic poly[ethylene-co-(methacrylic 
acid)] (EMAA) in the form of interlaced fibres (mesh) or particles is an effective agent for 
healing delamination cracks in carbon fibre–epoxy composites formed under static or cyclic 
interlaminar loading.  EMAA was able to heal delamination cracks and fully recover and/or 
more than 100% improve the interlaminar fracture toughness and fatigue resistance after 
healing, and was able to maintain these high healing efficiencies for multiple healing 
operations. The self-healing efficiency increased with the concentration of EMAA agent.  
 
EMAA is an effective self-healing agent because it flows over a large area of a delamination 
crack under the pressure delivery mechanism involving high-pressure gas-filled bubbles. 
Above a threshold concentration, the EMAA forms a semi-continuous film along the healed 
crack which plastically deforms into thin ligaments that bridge the healed delamination over 
a long length with repeated mode I crack growth. The EMAA forms a crack bridging 
traction zone (which is longer for static loading compared to cyclic loading) behind the 
crack front which promotes high interlaminar toughness and fatigue resistance. Cohesive 
zone modelling is able to predict the R-curve behaviour of the mendable composite with 
reasonable agreement to the experimental results, and supports the finding that EMAA 
bridging ligaments are important in the interlaminar toughening of mendable composites 
after healing.   
 
This study showed that EMAA was ineffective in healing delaminations and matrix crack 
caused by impact loading and therefore could restore the compression strength of the 
impact-damaged composite. This is attributed to the inability of EMAA to flow into small 
narrow cracks due to its the high viscosity.  
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Through-the-thickness stitching of carbon–epoxy composite with EMAA filament provides 
the synergistic combination of high interlaminar fracture toughness and fatigue resistance, 
which thereby reduces the amount of damage that must be repaired via the healing process. 
EMAA stitches increase the mode I interlaminar fracture toughness and fatigue resistance by 
forming a crack bridging traction zone along the delamination. Both fracture toughness and 
fatigue resistance increased with the stitch density due to the increase in traction load arising 
from a greater number of stitches within the crack bridging zone. Following healing, the 
stitches are highly effective at repairing delamination damage and restoring the fracture 
toughness and fatigue resistance. During the healing process, a condensation reaction occurs 
that leads to the formation of high pressure micro-bubbles that force molten healing agent to 
flow from the stitches and interconnecting filaments into the delamination. The EMAA is 
capable of spreading over an area of the delamination crack many times greater than the 
original stitch size because the micro-bubbles force liquid healing agent to flow a long 
distance. The stitched EMAA is able to fully or more than fully restore the interlaminar 
fracture toughness and fatigue resistance of the composite and can maintain high healing 
efficiencies for multiple healing cycles. This is because the healing agent forms a crack 
bridging traction zone that consists of refused stitches and a dense network of thin ligaments 
between the stitches. The bridging traction load generated by these repaired stitches and 
ligaments is similar to the load of the original stitches, and this causes the composite to 
retain high fracture toughness and fatigue resistance after healing.  
 
9.1.2 Healing and Toughening Performance of Mendable Thermoplastic 
Carbon Fibre-Epoxy Composites Using Ultrasonic Healing  
The PhD project has shown for the first time that ultrasonic welding can be used for rapid 
repair of delamination cracks in mendable carbon fibre–epoxy composites containing 
EMAA. Ultrasonic vibrations rapidly heat the composite to the temperature that activates the 
healing process. A short duration pulse of ultrasonic energy is sufficient to partially repair 
delamination damage and achieve partial or more than 100% recovery of the mode I 
interlaminar fracture toughness of the composite, depending on the concentration level of 
EMAA. The healing efficiency increases with EMAA content in the composite. 
Additionally, ultrasonic welding can be used to perform multiple repairs of delamination 
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cracks, albeit with a gradual loss in healing efficiency with each healing cycle. The study 
also found that the healing efficiency varies with the duration of the ultrasonic pulse because 
the process of micro-bubbles generation and the flow of healing agent into the damaged 
region is time-dependent. 
 
9.1.3 Healing and Toughening Performance of Mendable Carbon-Fibre 
Epoxy Composites Using Alternative Thermoplastic Agents 
In addition to EMAA, other types of insoluble thermoplastics can be effective healing agents 
in both neat epoxy resin and carbon fibre–epoxy composite. The healing mechanism of 
poly(ethylene-co-glycidyl) methacrylate (PEGMA) is similar to EMAA, which is the 
pressure delivery mechanism; however, the size and density of micro-bubbles in PEGMA 
are smaller than in EMAA. This suggests that during the healing process the pressure of 
micro-bubbles forcing PEGMA into cracks is lower. In spite of this, PEGMA is capable of 
partially restoring the interlaminar fracture toughness and fatigue resistance of the composite 
due to its relatively low viscosity at the healing temperature, which aids flow into cracks. 
Ethylene vinyl acetate (EVA), another effective thermoplastic healing agent, provides fully 
recovery of the delamination toughness and fatigue properties. Unlike EMAA and PEGMA, 
EVA does not react with epoxy and healing is dependent upon its low viscosity at elevated 
temperature and excellent adhesion to the epoxy at the crack surfaces. Acrylonitrile 
butadiene styrene (ABS) proved to be an ineffective healing agent because of its high 
viscosity, which restricted flow into cracks. This study demonstrates that insoluble 
thermoplastic additives with high internal pressure and/or low viscosity properties combined 
with excellent adhesion are effective healing agents for carbon–epoxy composites 
containing delamination cracks. 
 
9.1.4 In-plane Mechanical Properties of Mendable Carbon-Fibre Epoxy 
Composites  
The PhD study demonstrated the in-plane mechanical properties of carbon fibre-epoxy 
composite were reduced by thermoplastic particles used as healing agents. The addition of 
EMAA, EVA, PEGMA or ABS reduces the tensile and compressive properties due to 
thickening of the polymer-rich layers and porosity between the plies, and these lower the 
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volume content of carbon fibres. However, the decrease in mechanical properties was 
independent upon the thermoplastic particle type because the properties of each 
thermoplastic investigated and their influence on the microstructure are similar. The 
mechanical properties decreased at a linear rate with increasing weight fraction of 
thermoplastic particle in the epoxy matrix, and this was because of the thickening of the 
interply layers and increased porosity. The increased thickness reduced the average carbon 
fibre content of the mendable composites, thereby lowering their stiffness and strength 
properties.  
 
Healing of delamination damage using thermoplastic agents (except ABS) results in partial 
recovery to the compressive modulus. The thin and tough layer of thermoplastic formed 
along the healed delamination was capable to transferring stress between the two halves of 
the composite. This suppressed lateral separation of the sub-laminates under compression 
loading, thereby partially restoring the compressive modulus.  However, healing of the 
delamination did not result in any significant recovery to the compressive strength or tensile 
properties. It was also found that the healing efficiency for the tensile or compressive 
properties was independent upon healing agent content (i.e. EMAA content of 5-15 wt%) 
and number of healing operations (five healing cycles). 
 
The PhD study also investigated the effect of stitching with mendable thermoplastic 
filaments (EMAA) on the tensile and compressive properties of carbon fibre-epoxy 
composite. The microstructure is changed by stitching, with increased in-plane fibre 
waviness and out-of-plane fibre crimp, reduced fibre content, and broken and damaged 
fibres. These defects reduce the stiffness and strength properties of mendable stitched 
composites. The tensile and compressive properties of the composite decreased with 
increasing stitch density. The elastic modulus was reduced by waviness and crimping of the 
carbon fibres together with the reduced fibre content. These defects were also responsible 
for the reduction in compressive strength, particularly ply crimping which lowered the stress 
to initiate compressive failure by kinking. The tensile strength was reduced by the lower 
fibre content and crimping, waviness and breakage of the carbon fibres. The volumetric 
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density of microstructural defects increases with the areal density of the stitches, and for this 
reason the mechanical properties decreased with increasing stitch density.  
 
FE analysis using progressive damage modelling can predict with reasonable accuracy 
(within ~10%) the mechanical properties of stitched composites, with the exception of 
compressive strength which is strongly influenced by small changes in the ply crimp angle. 
The modelling revealed that damage initiates close to the stitches, and then propagates 
towards the non-stitched regions of the composite under increasing tensile or compressive 
loading, thereby reducing the failure stress. 
 
9.2 FUTURE WORK 
This PhD project has researched several specific properties of mendable composites 
containing thermoplastic agents. Much more research is required before a complete 
understanding of these materials is achieved. This section briefly describes several research 
topics worthy of investigation to advance the science and technology of self-healing using 
thermoplastic agents.  
 
9.2.1 Further Assessment of the Damage Tolerance of Mendable 
Thermoplastic Carbon Fibre-Epoxy Composites 
This project investigated the healing and toughening properties of mendable carbon fibre-
epoxy composites under mode I interlaminar static and fatigue loading. However, an 
investigation into the healing behaviour for other interlaminar loading conditions is needed. 
Composites used in aircraft and other light-weight structures are susceptible to delamination 
damage from modes I, II and mixed I/II interlaminar load conditions. It is proposed that the 
healing behaviour for static and fatigue delamination cracks generated under modes II and 
mixed I/II conditions are investigated. While the healing mechanism is independent of the 
loading condition which created the delamination, the recovery in the interlaminar toughness 
after healing may be dependent on the interlaminar loading mode. For example, the bridging 
ligaments and their crack bridging traction load response under interlaminar shear (mode II) 
loading may be different than for crack opening (mode I) loading. This could result in the 
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healing efficiency under mode II and mixed-mode conditions being different to the high 
efficiency values measured in this PhD project for mode I loading. 
 
An assessment of the healing efficiency of thermoplastics for composites containing barely 
visible impact damage (BVID) is needed. Aircraft composites are susceptible to BVID from 
bird strike, runway debris and other low-energy impact events. The capacity of 
thermoplastics to infiltrate BVID cracks (which are often very narrow), heal the damage, 
and restore the mechanical properties of carbon-epoxy composites is worthy of 
investigation.     
 
9.2.2 Environmental Durability of Mendable Thermoplastic Carbon Fibre-
Epoxy Composites  
Research presented in this thesis into the healing efficiency of thermoplastic particles was 
confined to room temperature and constant humidity conditions. However, aircraft 
composite structures must be certificated for use in various operational environments, 
including exposure to different temperatures and humidity levels and, in particular, hot/wet 
and thermal cycling conditions. It is proposed that the effect of environmental ageing on the 
healing mechanism and healing efficiency of thermoplastic agents in composite materials is 
assessed. This work will determine whether the healing performance of thermoplastics is 
retained or degraded by extreme environmental conditions. If the healing performance is 
reduced, then the environment-induced processes (which may be chemical or physical) that 
lower the healing efficiency should be identified. 
 
9.2.3 Simulation Modelling of Mendable Thermoplastic Carbon Fibre-Epoxy 
Composites 
A validated finite element model for calculating the in-plane mechanical properties of the 
mendable composites in their original condition was developed as part of the PhD project. 
However, further development of the FE model is required to compute the residual fracture 
toughness and mechanical properties of the composites following healing. Furthermore, 
crack bridging traction analysis and FE modelling of the stitched composites before and 
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after healing should be performed to better understand the interlaminar toughness effect of 
the stitched thermoplastic filaments. 
 
A critical factor in the healing efficiency of thermoplastic agents is their flow along the 
delamination crack, which was investigated experimentally in this PhD project. A deeper 
understanding of the flow of molten thermoplastics along delaminations is required, 
particularly when the crack opening displacement is narrow (which occurs at the crack tip 
and for matrix cracks). A numerical model needs to be developed using Computational Fluid 
Dynamics (CFD) to further understand the flow behaviour of the thermoplastic agents 
during the healing process. CFD can also be used to analyse the flow behaviour of 
thermoplastic from stitches into delamination cracks, which is critical to the high healing 
efficiency of composites reinforced in the through-thickness direction with thermoplastic 
filaments. 
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